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ABSTRACT
The s o r p t i o n  of  non p o la r  o r g a n i c  c h e m ic a l s  on hydrous  o x i d e s ,  c l a y  
m i n e r a l s ,  and s u b s u r f a c e  a q u i f e r  m a t e r i a l s  was s tu d i e d  u s i n g  t h e  b a t c h  
i s o th e rm  t e c h n i q u e .  R a d i o l a b e l e d  ( ^ C )  t r l c h l o r o e t h y l e n e ,  
o r t h o d l c h l o r o b e n z e n e ,  n a p h t h a l e n e ,  and 1- m e t h y l n a p h t h a l e n e  were s o rb e d  on 
m i n e r a l  s o r b e n t s ,  s u b s u r f a c e  a q u i f e r  m a t e r i a l s ,  and a s u r f a c e  s o i l  a t  s i x  
d i f f e r e n t  e q u i l i b r i u m  c o n c e n t r a t i o n s  over  a c o n c e n t r a t i o n  range  from
0.001 mg/L to  1 .0  mg/L. A knowledge  of  t h e  s o r p t i o n  c o e f f i c i e n t s  o f  
t h e s e  f u e l  components and s o l v e n t s  i s  n e c e s s a r y  t o  p r e d i c t  the  t r a n s p o r t  
o f  t h e s e  chem ica ls  th rough  g ro u n d w a te r  s y s t e m s  and u l t i m a t e l y  t o  r i v e r s ,  
l a k e s ,  and e s t u a r i e s .
S o r p t io n  on o x id e s  and s u r f a c e  s o i l s  was found to  be pH-dependen t  
w i th  dec re a se d  s o r p t i o n  a t  high  pH. I n c r e a s e d  i o n i c  s t r e n g t h  showed a 
s l i g h t  I n c r e a s e  In s o r p t i o n  on s u r f a c e  s o i l s  and some o x i d e s .  Sodium 
m ontmor l1I o n i t e  and Barasyn ,  a s y n t h e t i c  montmorl l i o n  H e ,  so rbed  more o f  
t h e  nonpo la r  s o r b a t e s  than t h e  o x i d e s ,  b u t  l e s s  th a n  t h e  s u r f a c e  s o i l .  
A lu m inum -sa tu ra ted  m ontmor l1 I o n i t e  took up more s o r b a t e  th a n  c a l c 1 u m -o r  
s o d i u m - s a t u r a t e d  montmori1 I o n i t e s ,  b u t  t h e  aluminum s a t u r a t i o n  p r o c e s s  
a p p a r e n t l y  invo lved  changes  1n t h e  c l a y  s t r u c t u r e .
A q u i fe r  m a t e r i a l s  sorbed  smal l  amounts (<3ug/g)  o f  t h e  n o n p o la r
o r g a n i c s .  S o rp t io n  c o e f f i c i e n t s  f o r  two n o n p o l a r  s o r b a t e s  were
d e t e rm in e d  on seven  d i f f e r e n t  a q u i f e r  m a t e r i a l s .  KQC v a r i e d  by a
f a c t o r  o f  10 over  t h e  a q u i f e r  m a t e r i a l  s o r b e n t s .  Var ious  s o r b e n t
chem ica l  and p h y s i c a l  p r o p e r t i e s ,  1n a d d i t i o n  to  o r g a n ic  c a r b o n ,  were
v 1 i i
measured t o  d i s c o v e r  any  c o r r e l a t i o n s  between t h e  p r o p e r t i e s  and s o r p t i o n  
c o e f f i c i e n t s .  No p r e d i c t i v e  r e l a t i o n s h i p  was found between th e  s o r p t i o n  
c o e f f i c i e n t  and s e l e c t e d  c h e m i c a l / p h y s i c a l  p r o p e r t i e s  o f  t h e  s o r b e n t s .
Since the  Kqc c o n c e p t  f a i l e d  f o r  t h e  a q u i f e r  m a t e r i a l s  s t u d i e d  
he re  and o t h e r  p r e d i c t i v e  r e l a t i o n s  were n o t  found ,  s o r p t i o n  c o e f f i c i e n t s  
must be de te rmined f o r  eac h  a q u i f e r  m a t e r i a l  o c c u r r i n g  a t  a con tam ina ted  
s i t e .  These c o e f f i c i e n t s  must be used in  con tam inan t  t r a n s p o r t  
c a l c u l a t i o n s .
SORPTION OF NONPOLAR ORGANICS ON MINERALS 
AND AQUIFER MATERIALS
GENERAL INTRODUCTION
1. I n t r o d u c t i o n
Groundwater  1s t h e  p r im a ry  w a te r  sou rce  f o r  more than  40J  o f  t h e  
U.S. p o p u l a t i o n .  C o n ta m in a t io n  o f  t h i s  v i t a l  r e s o u r c e  which has been 
r e p o r t e d  1n a t  l e a s t  34 s t a t e s  i s  a growing n a t i o n a l  c o n c e r n .  Contamina­
t i o n  s i t e s  a r e  w id e s p re a d  and I n c lu d e  w as te s  from I n d u s t r i a l *  m i l i t a r y ,  
and a g r i c u l t u r a l  s o u r c e s .  A g r i c u l t u r a l  f e r t i l i z e r s  and p e s t i c i d e s  can 
p e r c o l a t e  t h ro u g h  s o i l  sys tems and become mixed w i th  g ro u n d w a te r .
Leaking underground  f u e l  s t o r a g e  t a n k s  and t r a n s f e r  l i n e s  from f a c i l i t i e s  
near  l a k e s  and e s t u a r i e s  can c o n t r i b u t e  f u e l  components to  g ro u n d w a te r .  
N i t rogenous  and phosphorus  w a s t e s  can  seep i n t o  g roundw ate r  from s e p t i c  
t a n k s  lo c a t e d  In u rban  a r e a s .  S in c e  g ro u n d w a te r  e v e n t u a l l y  f e e d s  i n t o  
s u r f a c e  s t ream s*  lakes*  and e s t u a r i e s *  c o n t a m in a n t s  t h a t  a r e  t r a n s p o r t e d  
by g roundw ate r  become p o t e n t i a l  s o u rc e s  of  s u r f a c e  w a te r  p o l l u t i o n .
These n u t r i e n t s  and p o l l u t a n t s  can  c o n t r i b u t e  t o  the  e u t r o f 1 c a t 1 o n  
( S e w e l l ,  198?) and p o l l u t i o n  o f  t h e s e  r e c e i v i n g  s u r f a c e  w a t e r s .  This 
s i t u a t i o n  e x i s t s  a lo n g  t h e  A t l a n t i c  C o a s t a l  P l a i n  and th u s  In t h e  r i v e r s  
and e s t u a r i e s  o f  t h e  Chesapeake  Bay sys tem.  The c o n t r i b u t i o n  o f  
g ro u n d w a te r -b o rn e  c o n t a m in a n t s  t o  t h e  t o t a l  c o n t a m in a n t  load  o f  such a 
system c a n n o t  be a s s e s s e d  u n t i l  g roundwate r  co n ta m in a n t  t r a n s p o r t  
p r o c e s s e s  a r e  w e l l  u n d e r s t o o d .  The s o r p t i o n  work r e p o r t e d  h e re  Is  a 
c o n t r i b u t i o n  t o  the  u n d e r s t a n d i n g  o f  the  t r a n s p o r t  p r o c e s s .
2
3The Importance  o f  o r g a n i c  chem ica l  t r a n s p o r t  1n t h e  envi ronment has 
been reco g n ized  s in c e  t h e  e a r l y  1960s, when concern  was p r i m a r i l y  l i m i t e d  
to  t h e  movement o f  p e s t i c i d e s  th rough  t r e a t e d  s o i l s .  I t  was e c o n o m ic a l ly  
Im por tan t  to  know how long  t h e s e  chem ica ls  s tayed  In c o n t a c t  w i th  th e  
s o i l .  F u r t h e r  s tu d y  was needed  t o  unders tand  how the  p e s t i c i d e s  moved 
th rough  the  s o i l ,  and a l s o  t h r o u g h  s u r f a c e  water  and a q u i f e r s .  In t h e  
l a t e  1970s and e a r l y  1980s,  1t became ap p a re n t  t h a t  t h e  envi ronment was 
con tamina ted  n o t  only  by  p e s t i c i d e s *  b u t  by a wide v a r i e t y  of o r g a n i c  
chem ica l  w as tes  In s o i l ,  w a t e r ,  and groundwater  sy s tem s .  A knowledge o f  
t h e  env i ro n m en ta l  t r a n s p o r t *  f a t e ,  and e f f e c t  of the  o r g a n i c  c h e m ic a l s  
became n e c e s s a r y  from a h e a l t h  s t a n d p o i n t  due to  t h e  t o x i c i t y  of many o f  
t h e s e  c h e m ic a l s .  An u n d e r s t a n d i n g  o f  p o l l u t a n t  t r a n s p o r t  by g roundw ate r  
i s  n e c e s s a r y  t o  s e l e c t  c l e a n u p  s t r a t e g y  a t  s i t e s  o f  h igh  con tam inan t  
c o n c e n t r a t i o n  and to  p r e d i c t  l o n g - t e r m  d i s t r i b u t i o n  and f a t e  of  
c o n tam ina n ts  t h a t  canno t  be r e c o v e r e d  by c leanup  p r o c e d u r e s .
The s o r p t i o n  o f  o r g a n i c  c h e m ic a l s  t o  s o l id  phases  1s a key e l e m e n t  
in d e t e r m in i n g  env i ro n m en ta l  t r a n s p o r t .  The te rm " s o r p t i o n "  i s  used  when 
1t  1s not  known whether  t h e  c h e m i c a l s  a r e  absorbed  In to  o r  adsorbed  o n to  
the  s o r b e n t s  in  q u e s t i o n ,  E q u a t io n  (1) r e p r e s e n t s  mass c o n s e r v a t i o n  f o r  
the  movement o f  o r g a n ic  c h e m i c a l s  having l i n e a r  s o r p t i o n  I sotherms 
th rough  groundwate r  sys tems  u n d e r  c o n d i t i o n s  of loca l  s o r p t i o n  
e q u i l i b r i u m  ( F r e e z e  and C h e r r y ,  1979).
where C Is t h e  s o l u t i o n  c o n c e n t r a t i o n  o f  the  o r g a n ic  con tam inan t  (mg/L) ,  
D 1s t h e  d i s p e r s i o n  c o e f f i c i e n t  (cm / h r ) ,  V Is  t h e  g roundwate r  v e l o c i t y
4[ cm /h r ) ,  and RD 1s t h e  r e t a r d a t i o n  F a c t o r ,  The r e t a r d a t i o n  f a c t o r ,
V/Vc » I s  r e l a t e d  to  t h e  s o r p t i o n  c o e f f i c i e n t *  K, a s  shown 1n e q u a t i o n
where* V Is t h e  a v e ra g e  groundwater  v e l o c i t y  ( cm /h r )*  Vc I s  t h e  
v e l o c i t y  of  the  r e t a r d e d  co n tam in a n t  (cm/hr )*  p  I s  the  mass bulk d e n s i t y
c o e f f i c i e n t  [ L / k g ) ( F r e e z e  and C h e r ry ,  1979).  The s o r p t i o n  te rm  in t h i s  
equa t ion  expressed  a s  a r e t a r d a t i o n  f a c to r ,  RD, forms the b a s i s  f o r  t h i s  
d i s s e r t a t i o n .
P h y s ic a l  s o r p t i o n  o f  a n o n p o la r  o r g a n ic  chem ica l  to a s o l i d  s u r f a c e  
is  d r iv e n  by a t t r a c t i v e  fo rce s  between the  s o l u t e  and s o r b e n t  g e n e r a l l y  
r e f e r r e d  to as van d e r  Waals '  f o r c e s .  These f o r c e s  a re  composed o f  
London d i s p e r s i o n  f o r c e s  which a r e  d i p o l e - d l p o l e ,  d lp o l e - q u a d r u p o le *  
quad ru p o le -q u ad ru p o le ,  and 1o n - d 1p o l e  a t t r a c t i o n s  induced be tween th e  
so rba te  e l e c t r o n s  and t h e  s o rben t  e l e c t r o n s .
Hydrophobic o r g a n i c  chem ica ls  o f  l im i t e d  w a t e r  s o l u b i l i t y  may a l s o  
be d r iven  t o  the  s o r b e n t  s u r f a c e  due  to  s o l v e n t  e n t r o p y  e f f e c t s .  Hamaker 
and Thompson (1972) r e f e r r e d  to  t h e  o v e r a l l  p r o c e s s  of  s o r p t i o n  o f  
nonpolar compounds on s u r f a c e s  as "hydrophobic  bon d in g , "
S o rp t io n  of o r g a n i c  c o n tam in a n ts  on a q u i f e r  m a t e r i a l  r e t a r d s  t h e i r  
t r a n s p o r t  in  r e l a t i o n  t o  the  g roundw ate r  and l e a d s  t o  s p a t i a l  s e p a r a t i o n s  
of con tam inan ts  by ch rom a tog raph ic  p r o c e s s e s  1n t h e  a q u i f e r .  A knowledge 
of  the s o r p t i o n  c o e f f i c i e n t s  f o r  n o n p o la r  c o n t a m in a n t s  on m i n e r a l s  and 
a q u i fe r  m a t e r i a l s  and how they r e l a t e  to  both  s o r b a t e  and s o r b e n t
( 2 ) .
( 2 )
[g/cm 9 , n i s  the  p o r o s i t y  [cm /cm ) ,  and K i s  t h e  s o r p t i o n
5p h y s i c a l  and chemica l  p r o p e r t i e s  i s  a r e q u i r e m e n t  f o r  p r e d i c t i n g  
c o n t a m in a n t  movement. The a b i l i t y  t o  p r e d i c t  s o r p t i o n  of  n o n p o la r  
o r g a n i c  che m ic a l s  on a q u i f e r  m a t e r i a l  based on some r e a d i l y  measured 
p r o p e r t i e s  would be a s i g n i f i c a n t  a i d  in c a l c u l a t i n g  con tam inan t  
t r a n s p o r t  by e q u a t i o n  ( 1 ) .  R e s u l t s  from t h e s e  c a l c u l a t i o n s  can be used 
t o  d e t e r m in e  a p p r o p r i a t e  c l e a n u p  methods a t  s i t e s  o f  high c o n tam in a n t  
c o n c e n t r a t i o n  and to  d e t e r m i n e  l o n g - t e rm  d i s t r i b u t i o n  of  d i l u t e  c h e m ic a l s  
t h a t  can n o t  be r e c o v e re d  by c l e a n u p  p r o c e d u r e s .  Without  t h e  a b i l i t y  t o  
p r e d i c t  s o r p t i o n  based  on s o r b e n t  p r o p e r t i e s *  com ple te  s o r p t i o n  I s o th e rm s  
f o r  each  co n tam in a n t  must be measured t o  p r o v id e  t h e  s o r p t i o n  c o e f f i c i e n t  
used  in t r a n s p o r t  e q u a t i o n s .  I s o th e rm  measurement i s  l a b o r i o u s ,  t ime 
consuming* e x p e n s iv e ,  and beyond t h e  c a p a b i l i t y  o f  most smal l  
l a b o r a t o r i e s .  A s im p l e  s o r b e n t  c h a r a c t e r i z a t i o n  t h a t  would a l low 
s o r p t i o n  c o e f f i c i e n t  p r e d i c t i o n  would be a g r e a t  a i d  1n t h e  f i e l d  o f  
g ro u n d w a te r  co n tam in a n t  t r a n s p o r t .
There i s  a d e a r t h  o f  i n f o r m a t io n  on s o r p t i o n  o f  o r g a n i c  c o n ta m in a n t s  
on m a t e r i a l s  from s a t u r a t e d  zones  below t h e  s u r f a c e  s o i l  h o r i z o n s  o r  on 
m a t e r i a l s  from s u b s u r f a c e  c o n f in e d  a q u i f e r s .  F reeze  and C herry  (1979) 
d e f i n e  an a q u i f e r  as  "a s a t u r a t e d  perm eab le  g e o l o g i c  u n i t  t h a t  can 
t r a n s m i t  s i g n i f i c a n t  q u a n t i t i e s  o f  w a te r  under o r d i n a r y  h y d r a u l i c  
g r a d i e n t s . "  A q u i f e r  m a t e r i a l  1s n o t  c h e m i c a l l y  s p e c i f i e d  by t h i s  
d e f i n i t i o n .  E x i s t i n g  p r e d i c t i v e  e q u a t i o n s  based on t h e  o r g a n ic  ca rbon  
p a r t i t i o n i n g  models  g e n e r a l l y  do n o t  p r o v id e  s a t i s f a c t o r y  e s t i m a t e s  f o r  K 
v a l u e s  on t h e s e  low ca rbon  sy s tem s .  S in c e  a q u i f e r  m a t e r i a l  has low 
o r g a n i c  ca rb o n  c o n t e n t  and r e l a t i v e l y  h igh  m in e ra l  c o n te n t*  c l a y  and 
m i n e r a l  o x id e  s u r f a c e s  a r e  t r e a t e d  h e r e  In s im ple  sys tems  t o  a s s e s s  t h e i r  
r e l a t i v e  im por tance  in s o r p t i o n  o f  n o n p o la r  o r g a n l c s .  I n fo rm a t io n  ga ined
6from t h e s e  s in g l e  s o r b e n t  s t u d i e s  may p ro v id e  I n s i g h t  on s o r p t i o n  by  th e  
more c o m p l ic a te d  a q u i f e r  m a t e r i a l s .
The c o n t r i b u t i o n  o f  s o r b e n t  m i n e r a l  components o t h e r  t h a n  o r g a n i c  
ca rbon has  been n o te d ,  b u t  l i t t l e  q u a n t i t a t i v e  d a t a  e x i s t s  In t h e  
l i t e r a t u r e .  S o rp t io n  on a q u i f e r  m a t e r i a l s  must  be m easu red  t o  e n l a r g e  
t h e  d a t a  ba se  and t o  a s s e s s  t h e  u t i l i t y  o f  p r e d i c t i v e  r e l a t i o n s .
T h i s  d i s s e r t a t i o n  examines t h e  p o s s i b i l i t y  o f  p r e d i c t i n g  s o r p t i o n  
on a q u i f e r  m a t e r i a l s  based  on a knowledge o f  a q u i f e r  m a t e r i a l  c h e m i s t r y ,  
s o r p t i o n  c o e f f i c i e n t  measurements  on model m i n e r a l  s o r b e n t s ,  and s o r p t i o n  
c o e f f i c i e n t  measurements on a q u i f e r  m a t e r i a l s .  S e v e r a l  o r g a n i c  s o r b a t e s  
o f  d i f f e r i n g  p o l a r i t i e s  were used  a s  s u r f a c e  p ro b e s  t o  o b s e r v e  t h e i r  
s o r p t i o n  t r e n d s  on th e  model m i n e r a l  s u r f a c e s  and a q u i f e r  m a t e r i a l s .  
E xper im en t s  were conduc ted  t o  d e t e r m i n e  t h e  m a gn i tude  o f  s o r p t i o n  
c o e f f i c i e n t s  on I n o r g a n i c  o x i d e s  and c l a y  m i n e r a l s  t h a t  a r e  components  of  
a q u i f e r  m a t e r i a l s .  Io n ic  s t r e n g t h  and pH were  v a r i e d  o v e r  p o s s i b l e  
e n v i ro n m e n ta l  ranges  t o  obse rve  e f f e c t s  on s o r p t i o n ,  Montmorl 1 I o n i t e  
c l a y  s a t u r a t e d  with  d i f f e r e n t  c a t i o n s  were used  t o  d e t e r m i n e  I f  c a t i o n  
changes  a l t e r e d  s o r p t i o n  c o e f f i c i e n t s  as  s u g g e s t e d  by Rogers  e t  a l .
( I960)  and Rogers and McFarlane ( 1 9 6 1 ) .  S o r p t i o n  c o e f f i c i e n t s  were 
measured f o r  two n o n p o la r  o r g a n i c  s o r b a t e s  on seven  r e p r e s e n t a t i v e  
a q u i f e r  m a t e r i a l s  t o  p r o v id e  a com prehens ive  s o r p t i o n  d a t a  s e t .  Th is  
r e p r e s e n t s  t h e  l a r g e s t  o r g a n ic  s o r p t i o n  d a t a  b a s e  on r e p r e s e n t a t i v e  
a q u i f e r  m a t e r i a l s  p u b l i s h e d  t o  d a t e .  The a q u i f e r  m a t e r i a l s  were 
c h a r a c t e r i z e d  f o r  v a r i o u s  p h y s i c a l  and chemica l  p r o p e r t i e s  t o  look f o r  a 
r e l a t i o n s h i p  between t h e s e  p r o p e r t i e s  and s o r p t i o n  c o e f f i c i e n t s  from t h i s  
d a t a  s e t .  Some r e l a t e d  work has  been  done by  Means e t  a l .  (1 9 0 ? ) ,
H a s s e t t  e t  a l ,  ( I 9 6 0 ) ,  and K a r l c k h o f f  e t  a l .  (1979)  u s i n g  s u r f a c e  s o i l s
and s e d im e n t s .  They d i d  n o t ,  however ,  In c lu d e  a q u i f e r  m a t e r i a l  s o r b e n t s  
and did n o t  use t h e  o r g a n i c  s o l v e n t s  and f u e l  components which a r e  common 
g roundw ater  c o n t a m i n a n t s .  T h e i r  c o r r e l a t i o n s  Inc lude d  few chem ical  
p r o p e r t i e s  o f  t h e  s o r b e n t  and s o r b a t e ,  and t h e i r  r e s u l t s  may be o f  l i t t l e  
u t i l i t y  in p r e d i c t i n g  s o r p t i o n  1n g roundw ate r  s y s t e m s .
REVIEU OF LITERATURE
a .  S o r p t io n  and S o rb e n t  Organ ic  Carbon Con ten t
Lambert  e t  a l .  (1965) de m o n s t r a te d  t h e  im por tance  of  so rben t  o rgan ic  
c a rb o n  c o n t e n t  (OC) In s o i l  and se d im e n t ,  and deve loped  the r e l a t i o n s h i p :  
K = where K i s  t h e  s o r p t i o n  c o e f f i c i e n t  ( L / k g ) ,  f  i s  the
U  Lr i j  t )  L
s o r b e n t  f r a c t i o n  o r g a n i c  ca rbon c o n t e n t ,  and Kqc i s  a ca rbon -no rm al ized  
s o r p t i o n  c o e f f i c i e n t  (mL/g OC), I t  was found t h a t  t h e  Kqc f o r  a given  
o r g a n i c  compound remained  c o n s t a n t  f o r  s u r f a c e  s o i l s  over  a wide range of  
OC,
E x t e n s io n  o f  t h i s  p r e l 1 m l n a r y  work t o  i n c l u d e  a wide v a r i e t y  of  
s o r b e n t s  and s o r b a t e s  has  met w i th  v a ry in g  d e g r e e s  o f  s u c c e s s  in 
p r e d i c t i n g  o r g a n i c  chem ica l  s o r p t i o n .  K a r l c k h o f f  e t  a l .  (1979) s tu d i e d  
t h e  s o r p t i o n  o f  a ro m a t ic  hydrocarbons  and c h l o r i n a t e d  hydrocarbons  on 
pond and r i v e r  s e d im e n t s  and found t h a t  on an OC b a s i s ,  sand s i z e  
f r a c t i o n s  were c o n s i d e r a b l y  l e s s  e f f e c t i v e  In s o r b in g  th e s e  chemica ls  
th a n  t h e  f i n e r  f r a c t i o n .  D i f f e r e n c e s  in  s o r p t i o n  were a t t r i b u t e d  to  the 
f a c t  t h a t  t h e  OC v a r i e d  between t h e  s i z e  f r a c t i o n s .  Thus,  t o  de te rmine  
t h e  s o r p t i o n  c o e f f i c i e n t  f o r  t h e  e n t i r e  m a t e r i a l ,  i t  was n e c e s s a ry  to  
know OC d i s t r i b u t i o n  in t h e  p a r t i c l e  s i z e  f r a c t i o n s .  Nkedi-Kizza e t  a l ,
(1983) found s i m i l a r  r e s u l t s  working w i th  2 , 4 , 5-T h e r b i c i d e s  and
d i u r o n .  S o rb e n t s  OC c o n t e n t s  in  th e s e  s t u d i e s  were g e n e r a l l y  h igh;
g r e a t e r  th a n  I*.  In an e f f o r t  t o  p r e d i c t  s o r p t i o n  dependence on so rb a te
p r o p e r t i e s *  t h e  K a r l c k h o f f  e t  a l ,  (1979) r e g r e s s e d  Kqc a g a i n s t  so rb a te
o c t a n o l - w a t e r  p a r t i t i o n  c o e f f i c i e n t s  (KQW) and w a te r  s o l u b i l i t i e s  ( S ) .
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9Octano1-water  p a r t i t i o n  c o e f f i c i e n t s  were found  t o  be a good p r e d i c t o r  of
K f o r  the  sys tems  s t u d i e d .  These s t u d i e s  d i d  no t  examine low OC oc
s o rb e n t s  o r  low m o l e c u l a r  w e igh t  o r g a n i c  s o r b a t e s .  The u t i l i t y  o f  Koc 
In de te rm in in g  s o r p t i o n  on low o r g a n i c  ca rbon m a t e r i a l s  was n o t  
c o n s id e r e d .
H a s s e t t  e t  a l .  0 9 8 0 )  measured  s o r p t i o n  o f  p o l y c y c l l c  a r o m a t i c
hydrocarbons  (PAH) on a v a r i e t y  o f  s u r f a c e  s o i l s  and sed im en ts  and found
t h a t  t h e  s o r p t i o n  c o e f f i c i e n t  c o r r e l a t e d  w e l l  w i th  OC, However, good
c o r r e l a t i o n s  were a l s o  o b t a in e d  w i th  o t h e r  s o r b e n t  p r o p e r t i e s ,  such as
c l a y  m ine ra l  c o n t e n t  and c a t i o n  exch a n g e  c a p a c i t y .  Sorben t  OC were
g e n e r a l l y  g r e a t e r  t h a n  )% and th e  s o r b a t e s  s t u d i e d  were a homologous
s e r i e s  o f  PAHs. No a t t e m p t  was made t o  c h a r a c t e r i z e  the  n a t u r a l l y
o c c u r r in g  o r g a n i c s  o r  to  examine low o r g a n ic  c a rb o n  c o n t e n t  s e d i m e n t s .
Based on t h e  above  c i t e d  work* K a r l c k h o f f  (1981)  and Chlou e t  a l .
(1979,  1983, 1984) have  p u b l i s h e d  a number o f  s t u d i e s  where s o r p t i o n  has
been viewed as p a r t i t i o n i n g  o r  s o l u t i o n  i n t o  t h e  o r g a n i c  m a t e r i a l s
p r e s e n t ,  r a t h e r  t h a n  s o r p t i o n  on to  a s o rb e n t  s u r f a c e .  K a r l c k h o f f  (1981)
showed th a t*  w i th  t h e  i n c l u s i o n  o f  c e r t a i n  m o l e c u l a r  p r o p e r t i e s ,  KQC
values  could be p r e d i c t e d  t h a t  were  w i t h i n  a f a c t o r  o f  t h r e e  o f  t h e
measured K , Chlou e t  a l ,  (1979) s t u d i e d  t h e  s o r p t i o n  o f  a number of  oc r
s h o r t - c h a l n  c h l o r i n a t e d  h y d ro c a rb o n s  and p o l y c h l o r i n a t e d  b i p h e n y l  Isomers 
on a s u r f a c e  s o i l .  They found no non l i n e a r i t y  In t h e  s o r p t i o n  i so the rm s  
and an i n v e r s e  r e l a t i o n  was o b s e r v e d  when t h e  s r p t l o n  c o e f f i c i e n t s  were 
p l o t t e d  a g a i n s t  t h e  c o r r e s p o n d in g  s o l u b i l i t i e s .  Based on t h i s  e v i d e n c e ,  
they  p o s t u l a t e d  t h a t  t h e  o r g a n i c s  were  p a r t i t i o n i n g  In to  t h e  o r g a n i c  
m a t t e r .  Only one s u r f a c e  s o i l ,  which c o n t a i n e d  1 .6*  o r g a n ic
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m a t t e r ,  was s t u d i e d  to  s u p p o r t  t h i s .  Chlou e t  a l .  (1983} s t u d i e d  
s o r p t i o n  o f  s i m i l a r  compounds on Woodburn s 11t  loam s o i l  w i th  1,9* 
o r g a n i c  m a t t e r .  S im u l taneous  s o r p t i o n  o f  b i n a r y  m i x t u r e s  produced l i n e a r  
I so the rm s  w i th  s i m i l a r  s l o p e s  t o  t h o s e  f o r  s i n g l e  s o l u t e  I s o th e r m s ,  which 
was I n t e r p r e t e d  a s  f u r t h e r  e v id e n c e  f o r  p a r t i t i o n i n g  in t o  t h e  s o i l  
o r g a n i c  m a t t e r .  They noted t h a t  any d i f f e r e n c e s  1n t h e  s o i l  o r g a n i c  
m a t t e r  w i l l  a f f e c t  t h e  p a r t i t i o n  c o e f f i c i e n t s  and t h e  r e s u l t i n g  
c o r r e l a t i o n  e q u a t i o n s  c o n t a i n i n g  t h e s e  c o e f f i c i e n t s .  Chlou (1985) 
s t u d i e d  t h e  s o r p t i o n  of  p a r a t h i o n  and l i n d a n e  on two d i f f e r e n t  s o i l s  from 
aqueous  and hexane m i x t u r e s .  M inera l  s u r f a c e s  c o n t r o l l e d  s o r p t i o n  from 
hexane s o l u t i o n  1n the  absence  o f  w a t e r .  When w a t e r  was p r e s e n t ,  t h e  
o r g a n i c  ca rbon  c o n t e n t  c o n t r o l l e d  t h e  s o r p t i o n  and p a r t i t i o n i n g  was 
assumed due t o  lack  o f  c o m p e t i t i v e  s o r p t i o n ,  l i n e a r i t y  o f  i s o th e r m s ,  
OC-dependence,  and low t e m p e r a t u r e  dependence  on e q u i l i b r i u m .
M in g e lg r ln  and G e r s t l  (1983) have  r e e v a l u a t e d  p a r t i t i o n i n g  as a 
mechanism f o r  n o n io n ic  chem ical  a d s o r p t i o n  in s o i l .  They worked with  
s e v e r a l  n o n io n ic  p e s t i c i d e s  on I s r a e l i  s o i l s  o f  v a r y in g  c l a y  and o r g a n i c  
c o n t e n t .  R e s u l t s  showed l i n e a r  I s o th e rm s  on c l a y s  and some n o n l i n e a r  
I s o th e rm s  on v a r i o u s  s o i l s .  They p o i n t e d  o u t  t h a t  r e s u l t s  p r e s e n t e d  by 
Chlou e t  a l ,  ( 1 9 7 9 ) ,  who con tended  t h a t  l i n e a r i t y  a t  c o n c e n t r a t i o n s  near  
t h e  s o l u b i l i t y  l i m i t  i n d i c a t e d  p a r t i t i o n i n g ,  were w i th  s o l u t e s  of  low 
s o l u b i l i t y  where s u r f a c e  cove ra ge  must be low. Under t h e s e  c o n d i t i o n s ,  
l i n e a r  I so the rm s  would be e x p e c t e d ,  t h e r e b y  c a s t i n g  doubt  t h a t  l i n e a r i t y  
1s a s u f f i c i e n t  c o n d i t i o n  t o  p rove  p a r t i t i o n i n g .  A l t e r n a t e  thermodynamic 
a rgum en ts  were a l s o  p r e s e n t e d ,  showing t h a t  a low AH o f  s o r p t i o n  d id  not  
p rove  p a r t i t i o n i n g .  The a u t h o r s  c o n c lu d e  t h a t  t h e  c o m p le x i t y  o f  s o r p t i o n  
on s o i l  s u r f a c e s  does  not  a l l o w  p r e d i c t i o n s  based on c o r r e l a t i o n s  such as
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Ko c , Kqw, and wate r  s o l u b i l i t y  f o r  a v e r y  d i v e r s e  group of o rgan ic  
s u b s t a n c e s  and t h a t  t h e s e  c o r r e l a t i o n s  do not prove a p a r t i t i o n  p rocess .
M acIn ty re  e t  a l .  (1982) dem ons t ra ted  t h a t  a peroxide d e s t r u c t i o n  of 
sed im en t  o r g a n i c  carbon a c t u a l l y  I n c r e a s e d  the  s o r p t i o n  of n o n l o n k  
o r g a n l c s .  G a r b a r ln l  and L ion  (1986) f r a c t i o n a t e d  s o i l  organ ic  m a t te r  and 
s t u d i e d  s o r p t i o n  of  t o l u e n e  and t r i c h l o r o e t h y l e n e  on these  f r a c t i o n s  and 
c o m m e rc i a l l y  a v a i l a b l e  s o i l  o r g a n l c s .  They found t h a t  these  s o i l  
components had widely  v a r y in g  a f f i n i t i e s  f o r  the  s o rb a te s  s tu d ie d  which 
c o u ld  n o t  be e n t i r e l y  e x p l a i n e d  by t h e i r  o rg an ic  c o n t e n t .  These two 
s t u d i e s  f u r t h e r  d e m o n s t r a t e  t h e  d i f f i c u l t i e s  1n u s in g  s o i l  o rg a n ic  m a t te r  
a s  the  s o l e  c r i t e r i o n  f o r  e x p l a i n i n g  s o r p t i o n  o f  nonionlc o rg a n lc s .
S e v e r a l  r e s e a r c h e r s  have  r e a l i z e d  t h a t  the p a r t i t i o n i n g  concept  
b r e a k s  down a t  low s o rb e n t  o r g a n i c  ca rbon  c o n c e n t r a t i o n s  and have 
p roposed  m o d l f I c a t l o n s  t o  t h e  p a r t i t i o n i n g  concept  (Kar lckhoff ,  1984; 
C u r t i s  e t  a l . ,  1986; and McCarty e t  a l . ,  1981). McCarty e t  a l ,  (1981) 
and K a r l c k h o f f  (1984) have p r e s e n t e d  two-phase  models whereby s o rp t io n  on 
m in e ra l  s u r f a c e s  and p a r t i t i o n i n g  i n t o  o rg an ic  m a t t e r  occur 
s i m u l t a n e o u s l y .  D i f f e r e n c e s  between models  of McCarty e t  a l .  (1981) and 
K a r l c k h o f f  (1984) a r e  p r i m a r i l y  1n the  mode of  a c t i o n  of minera l  s u r f a c e ;  
t h a t  I s ,  Independen t  or  1n c o n c e r t  w i th  t h e  o rg an ic  m a t e r i a l .  C u r t i s  e t  
a l .  (1986) I n d i c a t e  t h a t  t h e s e  d i f f e r e n c e s  dem ons t ra te  the need for  
c h a r a c t e r i z i n g  sorbed  o r g a n i c  m a t t e r  and the  m inera l  ma t r ix .  Kar lckhoff
(1 9 8 4 ) ,  u s in g  l i m i t e d  d a t a  s e t s *  p roposed  t h a t  m in e ra l  c o n t r i b u t i o n  
became Im p o r tan t  in s o r p t i o n  o f  nonpo la r  o rg a n lc s  of  less  t h a t  10 carbon 
atoms when t h e  r a t i o  o f  t h e  mass o f  m in e ra l  m a t t e r  to  the mass o f  o rgan ic  
m a t t e r  o f  t h e  so l  1 /sed im en t  i s  >60. Schwarzenbach and Westall  (1981)
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found  t h a t  p a r t i t i o n i n g - r e l a t e d  c o r r e l a t i o n s  u n d e r s t a t e d  t h e  o b s e rv ed  
s o r p t i o n  when t h e  o r g a n i c  c a rb o n  f r a c t i o n  was l e s s  than  0 .0 0 1 .
I t  I s  a p p a r e n t  t h a t  t h e r e  Is  c o n s i d e r a b l e  c o n t r o v e r s y  and v a ry in g  
o p i n i o n  c o n c e r n in g  a d s o r p t i o n  v e r s u s  p a r t i t i o n i n g  and I t s  r o l e  in 
p r e d i c t i n g  s o r p t i o n .  The c o n c e p t  o f  Kqc c o n s t a n c y  i s  open t o  q u e s t i o n .
I t  i s  c l e a r ,  h ow eve r ,  t h a t  p r e d i c t i v e  r e l a t i o n s  based  on K seem t o
U1^
f a i l  f o r  n o n io n i c  o r g a n l c s  when the  s o r b e n t  GC i s  low (<C.1%) o r  when th e  
r a t i o s  o f  m in e ra l  s u r f a c e s  t o  OC i s  h igh  (> 6 0 ) .  Low GC a r e  
c h a r a c t e r i s t i c  o f  a q u i f e r  m a t e r i a l s ,  s o  t h e  s o r p t i o n  work on a q u i f e r  
m a t e r i a l s  p r e s e n t e d  h e r e  was n e c e s s a r i l y  d i r e c t e d  t o  t h e  d e t e r m i n a t i o n  o f  
t h e  u t i l i t y  of  t h e  K c o n c e p t  in  g ro u n d w a te r  t r a n s p o r t  s i t u a t i o n s ,
b .  C lay  and M in e ra l  Qxide 5 u r f a c e s
C la ys  and m i n e r a l  o x id e s  a r e  w e a t h e r i n g  p r o d u c t s  o f  igneous  and 
metamorphlc  r o c k s  and a r e  components  o f  s o i l s ,  s e d i m e n t s ,  and a q u i f e r  
m a t e r i a l s .  S u b s u r f a c e  a q u i f e r  m a t e r i a l s  g e n e r a l l y  have low (CO,IS) OC 
and  th e  o r g a n ic  m a t t e r  p r e s e n t  may n o t  c h e m i c a l l y  re sem b le  o r g a n i c  m a t t e r  
in  s u r f a c x e  s o i l s  and s e d i m e n t s  b e c a u s e  o f  c o n s i d e r a b l e  d i a g e n e s i s  and 
o x i d a t i o n .  H a s s e t t  e t  a l .  (1981)  and k a r l c k h o f f  (1984) have n o t e d  t h a t  
low OC and high m i n e r a l  c o n t e n t  in  s o i l s  and se d im e n t s  cause  I n c r e a s e d  K 
v a l u e s  t h a t  may b e  a t t r i b u t e d  t o  s o r p t i o n  on I n o r g a n i c  s o r b e n t s .
R e s e a r c h  d e a l i n g  w i th  s o r p t i o n  o f  o r g a n i c  s o r b a t e s  on a q u i f e r  m a t e r i a l s  
r e q u i r e s  the  d e t e r m i n a t i o n  o f  t h e  i n f l u e n c e  o f  t h e s e  m in e ra l  s o r b e n t  
s u r f a c e s ,  beca use  o f  t h e i r  l a r g e  s u r f a c e  a r e a s  and low OC.
A rev iew  by V oudr ias  and R e inhard  (1986) r e p o r t e d  many p o s s i b l e  
o r g a n i c  r e a c t i o n s  a t  c l a y  and ox ide  s u r f a c e s ,  such as h y d r o l y s i s ,  
e l i m i n a t i o n ,  s u b s t i t u t i o n ,  r ed o x  r e a c t i o n s ,  and p o l y m e r i z a t i o n  c o n c u r r e n t
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w ith  chem ica l  a d s o r p t i o n  t o  s u r f a c e  Lewis and Brons ted  s i t e s .  The most 
Im por tan t  e n v i ro n m e n ta l  v a r i a b l e s  were t e m p e r a t u r e  and w a te r  c o n t e n t .  In 
c o m p le t e ly  s a t u r a t e d  po rous  media,  as  in a q u i f e r s ,  h y d r a t i o n  r e d u c e s  t h e  
s u r f a c e  s o r p t i o n  and chem ica l  r e a c t i o n s  o f  o r g a n i c  compounds from t h e i r  
unhy d ra te d  s o r b e n t  s u r f a c e  v a l u e s  because  most  r e a c t i v e  s i t e s  a r e  
occup ied  by w a t e r .  Thus ,  most o f  t h e  r e a c t i o n s  and mechanisms d i s c u s s e d  
by V oudr las  and Relnhard  (1986) do no t  a p p l y  due to  the  com ple te  
h y d r a t i o n  o f  t h e  s u r f a c e s  1n t h i s  s t u d y .  J u r i n a k  (1957) showed the  
im por tance  o f  s u r f a c e  h y d r a t i o n  by s t u d y in g  t h e  s o r p t i o n  of  e t h y l e n e  
d lb rom lde  (EDB) on homoionic  m c n t m o r l l l o n l t e .  D i f f e r e n c e s  1n t h e  amount 
o f  chemica l  a d s o rb ed  were  a t t r i b u t e d  to  t h e  r e l a t i v e  amount o f  w a te r  
a s s o c i a t e d  w i th  the  d i f f e r e n t  e x c h a n g e a b le  c a t i o n s .  The w a t e r  p r e s e n t  
expanded t h e  c l a y  l a t t i c e  p r o v i d i n g  more s u r f a c e  a r e a  f o r  a d s o r p t i o n .
C a l l  ( 1957) s t u d i e d  t h e  s o r p t i o n  o f  EDB on s o i l s  and m ontmor l1 I o n i t e s ,  by 
v a ry in g  t h e  r e l a t i v e  h u m i d i ty  (RH), and o b s e rv in g  the  changes  1n 
s o r p t i o n .  He found t h e  u su a l  c o m p e t i t i v e  s o r p t i o n  between t h e  o r g a n i c  
chem ica l  and wate r  a t  t h e  c l a y  s u r f a c e  w i th  a concom itan t  d e c r e a s e  in EDB 
s o r p t i o n  a t  h igh  RH. He no ted  t h a t  a t  low RH, s o r p t i o n  of  EDB a c t u a l l y  
I n c r e a s e d  w i th  i n c r e a s i n g  w a te r  c o n t e n t ,  which was a t t r i b u t e d  t o  
expans ion  o f  t h e  c l a y  l a t t i c e ,  b u t  th e n  fo l low ed  the  normal t r e n d  o f  
d e c r e a s e d  s o r p t i o n  a t  h igh  RH. C a l l  (1957) no te d  t h a t  on s o i l s ,  w a te r  
c o n t e n t  a l s o  p la yed  a r o l e  1n s o r p t i o n  by h y d r a t i n g  the  s o i l  o r g a n i c  
c o l l o i d s .  These s t u d i e s  d e m o n s t r a t e  the  c o m p e t i t i v e  n a t u r e  o f  
o r g a n i c  s o r b a t e / w a t e r  s o r p t i o n  on m i n e r a l  s u r f a c e s  and t h e  r e s u l t i n g  
s o r p t i o n  a t t e n u a t i o n  f o r  o r g a n i c  c o n t a m in a n t s  under s a t u r a t e d  v e r s u s  
u n s a t u r a t e d  c o n d i t i o n s .
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S e v e r a l  a u t h o r s  have I n v e s t i g a t e d  s o r p t i o n  o f  p o l a r  o rg a n ic  
m o l e c u l e s  from aqueous s o l u t i o n  by c l a y s  and m i n e r a l s  in s o i l s .
A r t  1o l a - F o r t u n y  and F u l l e r  (1982) measured t h e  a d s o r p t i o n  of  
monohydroxybenzene d e r i v a t i v e s  by s o i l s  which were h igh In c l a y  and low
In OC and  r a n g e d  in pH from 4 .5  t o  7 ,8 ,  They found t h a t  p e r c e n t a g e  I ro n
o x id e  and  s o l u t i o n  pH were the  most im p o r tan t  f a c t o r s  r e l a t e d  t o
s o r p t i o n *  w i th  t h e  l e s s  s o l u b l e  phenols  be ing  b e t t e r  sorbed.  Hydrous
I ro n  o x i d e  can r e a c t  w i th  both an ions  and c a t i o n s  and a l s o  hydrogen bond 
w i th  s o r b a t e s .  These c h a r a c t e r i s t i c s  may e x p l a i n  t h e  observed  s o r p t i o n .  
D i f f e r e n c e s  In s o r b a t e  u p ta ke  were a t t r i b u t e d  t o  t h e  hydrophobic 
c h a r a c t e r  o f  t h e  s o r b a t e  and d i f f e r e n c e s  in s o r b a t e  chemical  p r o p e r t i e s  
ca u s e d  b y  c hange s  1n r i n g  s u b s t i t u e n t  g roups .  Juo  and Oginnl (1978) 
found t h a t  1ron-ox1de  r i c h  s o i l s  sorbed more p a r a q u a t  than d id  th e  
s t r o n g l y  a c i d i c  s e d im e n ta ry  s o i l s .  M u l t i p le  r e g r e s s i o n  a n a ly s e s  o f  t h e  
Langmuir  a d s o r p t i o n  maxima f o r  t h e  p a r a q u a t  c a t i o n  a g a i n s t  s o i l  p r o p ­
e r t i e s  showed 96% o f  t h e  s o r p t i o n  could be e x p l a i n e d  by the  p e r c e n t a g e  
Fe^Oj arid c a t i o n  exchange c a p a c i t y .  These two s t u d i e s  show t h e  
Im p o r t a n c e  o f  m in e ra l  s u r f a c e s  on s o r p t i o n  o f  1on1zab le  compounds.
R o g e r s  and McFarlane (19B1) measured s o r p t i o n  o f  nonpo la r
+ 3 +2
h a l o g e n a t e d  o r g a n i c  s o r b a t e s  on s o i l s  and Al -  and Ca - s a t u r a t e d  
montmori  1 I o n i t e  c l a y s .  The A l - s a t u r a t e d  c l a y  so rbed  more than th e  
C a - s a t u r a t e d  c l a y ,  Rogers e t  a l ,  (19B0) r e p o r t e d  t h a t  benzene s o r p t i o n  
was m in im a l  on two s i l t y  c l a y  loam s o i l s  and C a - s a t u r a t e d  
m o n t m o r i1 I o n i t e *  but  t h a t  A l - s a t u r a t e d  c l a y  s o rbed  t h r e e  t im es  more t h a n  
t h e  C a - s a t u r a t e d  c l a y .  These s t u d i e s  show th e  Importance o f  c l a y  a s  a 
p o s s i b l e  s o r b e n t  f o r  nonpo la r  o rg an lc s*  and t h e  d i f f e r e n c e s  caused  by 
c a t i o n  s a t u r a t i o n .  U n f o r t u n a t e l y ,  the  c l a y s  were assumed to  have no 
a s s o c i a t e d  o r g a n i c  m a t e r i a l  and were not  c h a r a c t e r i z e d  f o r  OC, t h e r e b y
15
c a s t i n g  some doubt on t h e  i n t e r p r e t a t i o n  o f  t h e i r  s o r p t i o n  d a t e .  Without  
OC d a t a ,  t h e  Importance of  the s a t u r a t i n g  ion in t h e  s o r p t i o n  s t u d i e s  i s  
u n c l e a r .
MacIn ty re  e t  a l .  (1902) and MacInty re  and deFur (1985) o b s e rv e d  
hydrocarbon  fu e l  component s o r p t io n  on a Wyoming m o n t m o r i l I o n i t e
( B e n t o n i t e )  from both  m u l t l - s o r b a t e  and s in g l e  s o r b a t e  s o l u t i o n s .  The
c l a y  had been washed with  methanol p r i o r  t o  use,  b u t  OC va lues  were not  
r e p o r t e d .  S t a u f f e r  and MacIntyre (1986) re p o r te d  s i g n i f i c a n t  s o r p t i o n  of  
l o w - p o l a r i t y  o r g a n lc s  on iron  ox ide  ( g o e t h l t e )  and l e s s  s o r p t i o n  on 
aluminum o x id e s .  Su r face  charge was im pl ica ted  as a p o s s i b l e  e x p l a n a t i o n  
f o r  the  s o r p t i o n  d i f f e r e n c e s ,  but  s u r f a c e  charge measurements were not 
made. B an e r jee  e t  a l .  (1985) s tu d i e d  the  s o rp t io n  of  t r l c h l o r o b e n z e n e ,  
o -ch1 o ro to 1 u e n e ,  and d im e th y l p h th a l a t e  on a low OC s u b s u r f a c e  m a t e r i a l s  
and found t h a t  t h e  s o r p t i o n  va lues  c o r r e l a t e d  w e l l  w i th  the  c l a y  s i z e  
f r a c t i o n  f o r  m a t e r i a l s  from lower d e p t h s .  They r e p o r t e d  m ine ra l  
c o n t r i b u t i o n  to  the  observed  s o r p t i o n  f o r  o r t h a c h l o r o t o l u e n e .  S o r p t i o n  
of  t r l c h l o r o b e n z e n e  on shallow samples c o r r e l a t e d  w i th  both OC and 
c l a y - s i z e d  p a r t i c l e  c o n t e n t .  I t  was concluded t h a t  so rben t  OC i s  a good 
p r e d i c t o r  f o r  s o r p t i o n  down to  about  0 .2*  OC and t h a t *  f o r  " v e ry  
hydrophobic"  m o lecu le s ,  OC of the  s o r b e n t  w i l l  c o n t r o l  s o r p t i o n  down to  
l e v e l s  t h a t  d e fy  q u a n t i f i c a t i o n .  Mineral  c o n t r i b u t i o n  to  s o r p t i o n  was 
i n f e r r e d  from d a t a  f a l l i n g  w i th in  a zone of  clay/OC r a t i o  g r e a t e r  t h a n  60
( s e e  K a r l c k h o f f ,  1984> when K was p l o t t e d  a g a i n s t  clay/OC r a t i o .
L i t t l e  ev id en ce  was p re sen te d  to  su p p o r t  the  s p e c u l a t i o n  on s o r p t i o n  o f  
"very  hydrophobic" m olecu les .
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M inera l  s u r f a c e s  p la y  a r o l e  1n s o r p t i o n  o f  o r g a n l c s  on a q u i f e r  
m a t e r i a l s ,  e s p e c i a l l y  where the  o r g a n i c  c a r b o n  c o n c e n t r a t i o n  I s  low.
I t  Is t h e r e f o r e  n e c e s s a r y  to  s tu d y  s o r p t i o n  on to  t h e s e  Ino rgan ic  
m i n e r a l s ,  s i n c e  they  c o n t r i b u t e  to  t h e  o v e r a l l  s o r p t i o n  c o e f f i c i e n t  on 
a q u i f e r  m a t e r i a l s .  Organic chemica l  s o r p t i o n  measurements from aqueous  
s o l u t i o n  on to  c l a y  s u r f a c e s  Invo lve  p s e u d o - e q u l l I b r l u t n  s y s tem s ,  b eca u se  
I t  t a k e s  ab o u t  3 1/2 y e a r s  f o r  k a o l l n l t e  t o  reach  e q u i l i b r i u m  w a te r  
s o l u b i l i t y  (May e t  a l , ,  1906) and f u r t h e r ,  s m e c t i t e s  do no t  r e a c h  
e q u i  H b r lu m ,
c .  S o r p t i o n  C o e f f i c i e n t s  on A q u i fe r  M a t e r i a l s
The l i t e r a t u r e  on s o r p t i o n  by a q u i f e r  m a t e r i a l s  1s c o m p l i c a t e d  by 
t h e  vague d e f i n i t i o n  of  an a q u i f e r .  R e s u l t s  of  s o r p t i o n  s t u d i e s  on 
a q u i f e r  m a t e r i a l s  must be i n t e r p r e t e d  1n te rm s  o f  t h e  chemica l  and 
p h y s i c a l  p r o p e r t i e s  of  the  a q u i f e r  m a t e r i a l  samples u s e d .
Much o f  the  l i t e r a t u r e  1s based on t h e  Borden s i t e  1n Canada,  a t  
which th e  a q u i f e r  m a t e r i a l  1s a r e l a t i v e l y  homogeneous,  bedded,  
u n c o n s o l i d a t e d  g l a c l o f l u v l a l  sand o f  f i n e  t o  medium g r a i n  with  sm al l  
s i l t - c l a y  c o n t e n t  and low OC, about  0.05X { S u t ton  and Barker* 1984) .  
Mackay e t  a l .  (1986) s t u d i e d  t h e  s o r p t i o n  o f  h a l o g e n a t e d  s o l v e n t s  ( ca rbon  
t e t r a c h l o r i d e ,  bromoform* t e t r a c h l o r o e t h y l e n e ,  h e x a c h l o r o e t h a n e ,  
1 , 2 - d l c h l o r o b e n z e n e )  on Borden s i t e  a q u i f e r  m a t e r i a l  and found s o r p t i o n  
c o e f f i c i e n t s  r a n g in g  from 0 .1 3  t o  0 .74  L /kg .  Most s o r p t i o n  c o e f f i c i e n t s  
v a r i e d  by a f a c t o r  of  two o v e r  the  c o r e  d e p t h ,  b u t  t e t r a c h l o r o e t h y l e n e  
s o r p t i o n  c o e f f i c i e n t s  v a r i e d  by an o r d e r  o f  m a g n i tu d e .  S o rp t io n  
d i f f e r e n c e s  ove r  the  depth  p r o f i l e  c o u ld  n o t  be e x p l a i n e d  by v a r i a t i o n s  
1n OC o r  s u r f a c e  a r e a ,  l e a d in g  the  a u t h o r s  t o  c o n c lu d e  t h a t  t h e  o b s e rv e d
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s o r p t i o n  may be r e l a t e d  t o  the amount and d i s t r i b u t i o n  o f  some unknown 
m in e ra l  p h a s e s ,
Abdul and Gibson (1966) s t u d i e d  s o r p t i o n  o f  PAHs on a q u i f e r  
m a t e r i a l s  from the  Borden s i t e  and a s f t e  nea r  F l i n t *  HI. Measured 
s o r p t i o n  c o e f f i c i e n t s  f o r  F l i n t  and Borden m a t e r i a l s  v a r i e d  by f a c t o r s  o f  
3 and 4 ,  r e s p e c t i v e l y ,  compared to  c a l c u l a t e d  v a l u e s  based on r e g r e s s i o n s  
p roposed  by K ar lckhof f  (1979) ,  The a u t h o r s  d id  no t  s p e c u l a t e  why the  
p r e d i c t i v e  e q u a t io n s  worked p o o r ly  on t h e  h igh OC F l i n t  sample  ( l . B 7 t ) ,  
and p o i n t e d  o u t  t h e  n e c e s s i t y  of f u r t h e r  m u l t i v a r i a t e  a n a l y s i s  to  
p o s s i b l y  p r e d i c t  PAH s o r p t i o n  In t h e  s a t u r a t e d  g roundw a te r  zone .  They 
noted t h a t  paramete rs  such as p a r t i c l e  s i z e  and s u r f a c e  a r e a  may be 
Im p o r t a n t  in c o n t r o l l i n g  t h e  amount o f  PAH sorbed* and s h ou ld  be 
c o n s i d e r e d  In s t a t i s t i c a l  a n a l y s e s .
Schwarzenbacb and W es ta l l  (1981) measured t h e  s o r p t i o n  o f  
m e thy lbenzenes  and ch lo robenzenes  on a q u i f e r  m a t e r i a l s  and on the  
m i n e r a l s  y-Al^O^, SiO^, and k a o l i n i t e .  S trong c o r r e l a t i o n  was 
found between the  s o r p t i o n  c o e f f i c i e n t s  and OC f o r  s o r b e n t s  w i th  OC 
>0 .11 .  The a u t h o r s  s t a t e d  t h a t ,  In t h e  absence  o f  o r g a n ic  ca rb o n ,  the 
s p e c i f i c  s u r f a c e  a rea  and n a tu re  o f  t h e  m ine ra l  s u r f a c e  would have a 
c o n s i d e r a b l e  In f luenc e  on s o r p t i o n .  S o rp t io n  c o e f f i c i e n t s  (K)(L /kg)  
ranged  from 1.2 f o r  ch lorobenzene  t o  3 7 .9  f o r  t e t r a c h l o r a b e n z e n e  on an 
a q u i f e r  m a t e r i a l  with  0C=0,731, whereas  K ranged from 0 , 6  f o r  
c h lo ro b e n z e n e  t o  about  5 .0  f o r  t e t r a c h l o r o b e n z e n e  on k a o l i n i t e  and gamma 
Al^Og. The lower obse rved  K va lues  on th e  c l a y  and oxide were 
p re sum ea b ly  due t o  lower OC o r  m in e ra l  s o r p t i o n .
Uchrin  and Katz (1985} s t u d i e d  s o r p t i o n  f o r  h ex ac h lo ro c y c lo h e x a n e  
(Lindane) on two a q u i f e r  m a t e r i a l s  from New J e r s e y .  They r e p o r t e d  K 
va lues  o f  13 L/kg and 11 L/kg,  r e s p e c t i v e l y  f o r  m a t e r i a l s  w i th  QC=4.4 and 
2.2%*  T h e i r  s tu d y  focused  on t h e  i s s u e  of  r e v e r s i b l e  d e s o r p t i o n ,  b u t  1t 
1s a p p a re n t  from t h e  r e s u l t s  t h a t  o r g a n ic  p a r t i t i o n i n g  cou ld  n o t  accoun t  
f o r  the  s i m i l a r i t i e s  1n K r e p o r t e d .  Wide v a r i a t i o n  In a p p l i c a t i o n  of  t h e  
term a q u i f e r  m a t e r i a l  1s I n d ic a t e d  by t h e i r  I n t e r c h a n g e a b l e  use o f  
" s o i l s "  and " a q u i f e r  m a t e r i a l s "  and by f a i l u r e  t o  s p e c i f y  t h e  d e p th  and 
w a t e r - s a t u r a t i o n  s t a t e  of  the  samples.
Johnson e t  a l .  (1985) i n v e s t i g a t e d  s o r p t i o n  of  f i v e  c h l o ro p h e n o l s
and t h r e e  ch lorophenoxyphenols  on m a t e r i a l  from a chem ica l  d i s p o s a l  s i t e
in  Oregon.  Actual  waste w ate r  s o l u t i o n s  were used as  s o r b a t e s ,  and t h e y
were added to the  groundwater  which had a pH o f  10. K v a lu e s  (L/kg) f o r
d i -  and t r l - c h l o r o p h e n o l s  were nea r  ze ro  w i th  t e t r a c h l o r o p h e n o l  1 .8+1 .0
and pen tach lo ro p h en o l  9 .5+ 1 ,8 .  The ch lo ro p h e n o x y p h en o ls  had K between 14
and 2 8 .  Naphthalene served as a s t a n d a r d  and produced a K o f  16+2 with
the s o r b e n t s  under th e s e  c o n d i t i o n s .  S o i l  o r g a n ic  c o n t e n t  was 2 . 4+0.3%.
The a u t h o r s  i n d i c a t e d  t h a t  c a l c u l a t i o n  from a t a b u l a t e d  f o roc
n aph tha lene  would produce o rg an ic  ca rbon c o n c e n t r a t i o n s  of  about  1.8%, 
but  cou ld  not e x p l a i n  t h i s  d i s p a r i t y .  S i g n i f i c a n t  s o r p t i o n  f o r  some o f  
the  c h lo rophe no ls  was found even though t h e y  were n o t  p r o t o n a t e d  and 
e x i s t e d  a s  anions a t  the s tu d y  pH, but  no e x p l a n a t i o n  was g i v e n .  Zachara  
e t  a l .  (1986) measured the s o r p t i o n  of  q u i n o l i n e  on s e v e r a l  low -o rgan ic  
carbon  su b su r f a c e  m a t e r i a l s  and found poor  c o r r e l a t i o n  o f  t h e  r e s u l t i n g  
F reund l i ch  c o n s t a n t s  with  s u b s o i l  p r o p e r t i e s ,  i n c l u d i n g  o r g a n i c  ca rb o n .  
A cid ic  s u b s o i l s  so rbed  more q u i n o l i n e  th a n  n e u t r a l  o r  b a s i c  s u b s o i l s ,  
which was a t t r i b u t e d  to  ion exchange r e a c t i o n s  between p r o t o n a t e d
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q u i n o l i n e  and t h e  s u b s u r f a c e  m a t e r i a l s .  Varying pH o f  t h e  s u b s o i l  
m a t e r i a l s  showed t h a t  t h e  o r g a n i c  c a t i o n  was r e t a i n e d  more t h a n  th e  
n e u t r a l  m o le c u le .  These two p a p e r s  show t h a t  pH can p l a y  a s i g n i f i c a n t  
r o l e  1n s o r p t i o n  o f  l o n l z a b l e  s p e c i e s .
M i l l e r  and Weber (1986)  s t u d i e d  t h e  s o r p t i o n  o f  l i n d a n e  and 
n i t r o b e n z e n e  on f o u r  a q u i f e r  sands  and found e x p e r i m e n t a l  K v a r i e d  by a 
f a c t o r  o f  3 o r  4 f rom t h e  c a l c u l a t e d  v a l u e s  based  on log  KQC = log 
Kow- 0 . 2 1 .  Some d e v i a t i o n s  were a s  high  a s  a f a c t o r  o f  10, and were 
e x p l a i n e d  p o s t  f a c t o  by a c om bina t ion  o f  the  s o r b a t e ' s  h igh w a te r  
s o l u b i l i t y  and t h e  s o r b e n t ' s  low o r g a n i c  ca rbon  c o n t e n t .  S e v e r a l  o f  t h e  
o t h e r  s o r b e n t  ca rbon  c o n t e n t s  were o f  t h e  same l e v e l  b u t  did n o t  e x h i b i t  
s i m i l a r  d e v i a t i o n s .  Organ ic  c o n t e n t s  o f  the  sands  were g e n e r a l l y  low,
0 .10  - 0.14%, e x c e p t  f o r  one h ig h - c a r b o n  c o n t e n t  sand o f  1.14%. No o t h e r  
e x p l a n a t i o n s  were g i v e n  f o r  t h e  o b s e rv ed  K v a r i a t i o n ,
d .  C o r r e l a t i o n s  t o  S o rb e n t  C h e m ic a l /P h y s ic a l  P r o p e r t i e s
Many r e s e a r c h e r s  have n o te d  o r g a n i c  c a r b o n - s o r p t l o n  r e l a t i o n s  In s o i l  
and s e d im e n t s ,  b u t  o n l y  a few have s t u d i e d  s o r p t i o n  on a wide r ange  o f  
s e d 1 m e n t s / s o i I s  as  a f u n c t i o n  o f  s o r b e n t  p r o p e r t i e s .  K a r l c k h o f f  e t  a l .
(1979) worked w i th  PAH and no ted  a d i r e c t  dependence  o f  K on OC f o r  f i v e  
pond s e d im e n t s .  K a r l c k h o f f  (1981) a l s o  found a h igh  c o r r e l a t i o n  between 
K and OC in  17 s o l l / s e d 1 m e n t s .  c o r r e l a t i o n s  t o  c l a y ,  s i l t ,  and c a t i o n  
exchange c a p a c i t y  (CEC) were  much low er .  S ince  t h e  s u r f a c e  
so l  1 / s e d i m e n t s  used  were r e l a t i v e l y  h igh  1n OC (w i th  o n ly  two samples  
l e s s  th a n  0.5%),  no c o n c l u s i o n s  can be drawn f o r  t h e  u s e  o f  OC-based 
s o r p t i o n  in low OC s o r b e n t  sys tems  such  as a q u i f e r  m a t e r i a l s .
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Means e t  a l ,  (1980a* 1980b* 1982) and H a s s e t t  e t  a l ,  (1980* 1981} 
d id  a s e r i e s  of  e x p e r i m e n t s  with  d i f f e r e n t  s o r b a t e s  o r  f o u r t e e n  
s e d i m e n t / s o i l  samples c o l l e c t e d  a l o n g  the  Ohio, Wabash* I l l i n o i s ,  and 
M i s s i s s i p p i  r i v e r s .  The s t a t i s t i c a l  te chn ique  a p p l i e d  by Means e t  a l .  
(1980a* 1980b, 1982) in c lu d e d  an u n s p e c i f i e d  "m at r ix  c o r r e l a t i o n "  among 
v a r i a b l e s ,  and s e p a r a t e  l i n e a r  r e g r e s s i o n  o f  K a g a i n s t  each o f  th e
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v a r io u s  s o r b e n t  p r o p e r t i e s .  In a l l  c a s e s ,  s i g n i f i c a n t  c o r r e l a t i o n  (R 
not  s p e c i f i e d )  was found between t h e  OC and the  K v a l u e s ,  with  some 
c o r r e l a t i o n  between p e r c e n t a g e  clay-CEC and p e r c e n ta g e  o rgan ic  
c a rb o n -p e rc e n ta g e  N c o n t e n t .  Aga in ,  the  main h in d ra n c e  t o  a p p ly in g  t h e s e  
r e s u l t s  t o  a q u i f e r  m a t e r i a l s  1s t h e  r e l a t i v e l y  h igh  OC o f  the  
sol 1 / s e d im e n t  samples which were a s u b s e t  o f  those  used  by K a r l c k h o f f  
(1981)* w i t h  only  two s o i l s  l e s s  t h a n  0 .5 £  o rgan ic  c a rb o n .  Two 
a m i n o - s u b s t i t u t e d  PAHs were found t o  I n t e r a c t  with  t h e  c l a y  p o r t i o n  o f  
the  so l  I s / s e d i m e n t s ,  w i th  pH dependen t  s o r p t i o n .  I t  was concluded  t h a t  
c l a y  m a t e r i a l s  would i n f l u e n c e  t h e  s o r p t i o n  of p o l a r  o r g a n l c s .
H a s s e t t  e t  a l .  (1980,  1981) c o n t in u e d  s t u d i e s  o f  a -n a p h th o l  and 
d ib e n z o th lo p h e n e  on th e  Id s o i l s  and sediments c i t e d  above ,  OC was a g a i n  
found t o  be s i g n l f I c a n t l y  c o r r e l a t e d  to  K. The a - n a p h t h o l  showed w id e l y  
d i v e r g e n t  Koc on t h e  sed im en ts  where the  p e r c e n ta g e  OC t o  p e r c e n ta g e  
m o n t m o r l l I o n i t e  r a t i o  was l e s s  t h a n  0 , 1 ,  This was a t t r i b u t e d  t o  t h e  more 
p o la r  compound I n t e r a c t i n g  with  t h e  more a c c e s s i b l e  c l a y  s u r f a c e s  when 
the  TOC was low.
I n s u f f i c i e n t  I n f o r m a t io n  i s  a v a i l a b l e  t o  d e m o s t r a te  c o r r e l a t i o n s  
between K v a lu e s  f o r  i n t e r m e d i a t e  m o le c u la r  weight  s o r b a t e s  and a q u i f e r  
m a te r i a l  p h y s i c a l / c h e m i c a l  p r o p e r t i e s .
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e .  Sorbent  C o n c e n t r a t i o n  E f f e c t s
O'Connor and C o n n a l ly  (1980J p roposed  a m a them a t ica l  model showing 
an e x p o n e n t i a l  dependence o f  K on t h e  s o r b e n t - t o - H q u i d  weigh t  r a t i o .
The model was a p p l i e d  t o  v a r i o u s  p u b l i s h e d  d a t a  t o  e x p l a i n  t h e  a p p a r e n t  
In v e r s e  r e l a t i o n s h i p  between K and s o r b e n t  c o n c e n t r a t i o n ;  i . e . *  K ' s  d e t e r ­
mined a t  lower s o r b e n t  c o n c e n t r a t i o n s  gave h i g h e r  K v a l u e s  than  s i m i l a r  
iso the rms  run a t  h i g h e r  s o r b e n t  c o n c e n t r a t i o n s .  Although a good f i t  was 
demonst ra ted*  no t h e o r e t i c a l  b a s i s  was s u g g e s te d  f o r  t h e  model .
Voice e t  a l .  (1983) no ted  a s o r b e n t  c o n c e n t r a t i o n  dependence  f o r  
p o ly c h lo r o b ip h e n y l s  (PCBs) on sed im en ts  and c l a y s .  They pro posed  a 
ma them a t ica l  model t o  e x p l a i n  t h i s  e f f e c t  which invo lved  the  t r a n s f e r  o f  
s o rb in g  o r  s o l u t e  b in d i n g  m a t e r i a l  from th e  s o rb e n t  t o  aqueous 
s u s p e n s i o n .  Severa l  e x p e r i m e n t s  were a t t e m p t e d  t o  I s o l a t e  and examine 
th e  n a t u r e  o f  t h e  t r a n s f e r r e d  m a t e r i a l .  R es idua l  t u r b i d i t y ,  OC, and UV 
abso rbance  were used to  examine t h e  s u p e r n a t a n t  l i q u i d  from s o r b e n t  
b l a n k s .  The p re s e n c e  o f  m i c r o p a r t i c l e s  o r  any t r a n s f e r r e d  m a t e r i a l s  was 
no t  proven .
Horzempa and DiToro (1983) s t u d i e d  th e  e f f e c t  o f  s o r b e n t  c o n c e n t r a ­
t i o n  on PCB p a r t i t i o n i n g  t o  sed im en ts  and c l a y s .  V a r i a t i o n s  1n s o l u t i o n  
co m p o s i t io n  and k i n e t i c  e f f e c t s  were found t o  a f f e c t  s o r p t i o n ,  b u t  
n e i t h e r  o f  th e s e  f a c t o r s  appea red  t o  a d e q u a t e l y  accoun t  f o r  the  m agni tude  
o f  the  observed  sed im ent c o n c e n t r a t i o n  e f f e c t .  They s p e c u l a t e d  t h a t  t h e  
obse rved  sediment  c o n c e n t r a t i o n  e f f e c t  might  be due to  s o l i d  phase  
i n t e r a c t i o n s  between suspended p a r t i c l e s .
Curl  and K eole lan  (1984) p roposed  a model to  e x p l a i n  t h e  
c o n c e n t r a t i o n  e f f e c t *  b u t  d id  no e x p e r i m e n t a t i o n ,  r e l y i n g  on p r e v i o u s l y  
p u b l i s h e d  kepone s o r p t i o n  d a t a  t o  show t h e i r  m o d e l ' s  u t i l i t y .  The
22
model assumes  c o m p e t i t i v e  a d s o r p t i o n  1n which a n a t u r a l l y  o c c u r r i n g  
s o r b a t e  a l r e a d y  on the  s o r b e n t  com petes  f o r  s i t e s  w i th  the  I n t ro d u c e d  
s o r b a t e .  While t h e  model was o n l y  t e s t e d  w i th  a l i m i t e d  d a t a  s e t ,  i t  has 
t h e  a d v a n ta g e  o f  e x p l a i n i n g  o b s e rv ed  K v a lu e  v a r i a t i o n s  with  i n c r e a s e d  
s o r b e n t  t o  l i q u i d  r a t i o  based  on a m e c h a n i s t i c  a rgum en t .
Gschwend and Wu (1985)  s t u d i e d  t h e  s o r p t i o n  o f  PCBs on r i v e r  and 
lake  se d im e n t s  t o  o b s e r v e  changes  in K caused  by v a ry in g  s o r b e n t  
c o n c e n t r a t i o n s .  They o bse rved  a s o r b e n t  c o n c e n t r a t i o n  e f f e c t ,  b u t  th e y  
found t h a t  i t  was c au s ed  by s o r p t i o n  t o  n o n s e t t l i n g  so rben t  
m i c r o p a r t i c l e s  or  m acro m o le cu le s .  I f  a d e q u a te  c a r e  was taken  t o  
c o m p l e t e l y  s e p a r a t e  the  s o l i d  phase  from t h e  l i q u i d  phase o r  a c c o u n t  f o r  
t h e  n o n s e t t l i n g  p a r t i c l e  s o r p t i o n ,  t h e  s o r b e n t  c o n c e n t r a t i o n  e f f e c t  
d i s a p p e a r e d  and K v a l u e s  remained  c o n s t a n t  o v e r  s o r b e n t  c o n c e n t r a t i o n  
r a n g e s  encompassing f o u r  o r d e r s  o f  m a g n i tu d e .  They concluded  t h a t  
p r e v io u s  e x p e r i m e n t a l  work s u g g e s t i n g  "complex" s o r p t i v e  b e h a v i o r  were 
s u b j e c t  t o  e x p e r im e n ta l  a r t i f a c t s  caused  by in c o m p le te  s e p a r a t i o n  between 
l i q u i d  and s o l i d  p h a s e s .
The c o n c e n t r a t i o n  e f f e c t  was n o t  d e t e c t e d  1n b a tch  i so the rm  s t u d i e s  
conduc ted  by K a r lc k h o f f  e t  a l .  ( 1 9 7 9 ) .  Th is  o b s e rv ed  s o rb e n t  
c o n c e n t r a t i o n  e f f e c t  may occu r  in n a t u r e  o r  may be an a r t i f a c t  o f  the  
e x p e r i m e n t a l  p ro c e d u re .  The s o r b e n t  c o n c e n t r a t i o n  e f f e c t  may be 
im p o r tan t  1n e n v i ro n m e n ta l  models  where K v a l u e s  a r e  used t o  p r e d i c t  
t r a n s p o r t  over  and th r o u g h  media w i th  wide v a r i a t i o n s  1n s o r b e n t  
c o n c e n t r a t i o n ,  such as suspended  se d im e n t s  and l a k e  o r  r i v e r  b o t t o m s .  I f  
a s o r b e n t  c o n c e n t r a t i o n  e f f e c t  e x i s t s ,  i t  would make da ta  com par i sons  
between s t u d i e s  u s in g  d i f f e r e n t  s o r b e n t  c o n c e n t r a t i o n s  d i f f i c u l t .
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f , E f f e c t s  o f  E q u i l i b r a t i o n  Time on S o rp t io n  Values
K a r l c k h o f f  and M o r r i s  (19B5) and Coates  and Elzerman 0 9 8 6 )  s t u d i e d  
t h e  d e s o r p t i o n  o f  PCBs from c o n ta m in a te d  s e d im e n t s .  They found t h a t  t h e  
r a t e  a t  which PCBs deso rbed  was r e l a t e d  to  t h e  l e n g th  o f  c o n t a c t  t i m e  
p r i o r  t o  d e s o r p t i o n ,  and t h a t  s o r p t i o n  c o n t i n u e s  to  i n c r e a s e  over  days  
and weeks .  K a r ick h o f f  and M orr i s  {1985) p roposed  a tw o - s t e p  model o f  
e q u i l i b r a t i o n ,  a quick I n i t i a l  s t e p  fo l low ed  by  a slow s t e p  o c c u r r i n g  
o ve r  a per iod  o f  days t o  months .  Using k i n e t i c  r e l a t i o n s  based  on 
e x p e r i m e n t a l  d a t a ,  K a r lc k h o f f  and M orr i s  [1985) e s t i m a t e d  e q u i l i b r a t i o n  
t im e s  in excess  o f  one yea r  f o r  o r g a n i c  s o r b a t e / s e d i m e n t  sys tems w i th
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K>10 (L /k g ) .  The s low s tep  was a t t r i b u t e d  t o  i n t r a - p a r t i c l e  d i f f u s i o n
t h a t  was very  slow f o r  l a rg e  m o l e c u l e s .  Data o f  Coates  and Elzerman 
(1986)  a l s o  suppor t  t h e  tw o - s te p  model .  They a l s o  found  e v i d e n c e  f o r  
c o m p e t i t i v e  e f f e c t s  d u r i n g  d e s o r p t i o n  in  r a t e  d i f f e r e n c e s  obse rved  f o r  
the  same compound in  s i n g l e -  and m u l t i - s o l u t e  s y s t e m s .  R a tes  of  
d e s o r p t i o n  were r e t a r d e d  in t h e  m u l t i - s o l u t e  sys tem s t u d i e d .
E q u i l i b r a t i o n  t imes  in  th e s e  s t u d i e s  ranged  from 12 t o  150 days .
K a r lc k h o f f  and M orr i s  (1985) no ted  t h a t  t h e  g r e a t e s t  change 1n K 
v a l u e  observed  in l o n g - t e rm  s t u d i e s  f o r  pyrene  above a 4 8 -hou r  b a s i s  
v a l u e  was on ly  a f a c t o r  o f  two.  A d d i t i o n a l l y ,  i t  was shown t h a t  t h e  more 
h i g h l y  sorbed che m ic a l s  sorbed more s lo w ly .  A slow s t e p  1n app roac h  t o  
e q u i l i b r i u m  would be l e s s  im por tan t  f o r  low m o l e c u l a r  w e i g h t ,  l e s s  
s t e r i c a l l y  h inde red  m o l e c u l e s .  While the  PCBs s t u d i e d  above  b io d e g ra d e  
ve ry  s lo w ly ,  o t h e r  chem ica l  compounds could  be s i g n i f i c a n t l y  degraded  
ove r  long e q u i l i b r a t i o n  t im es .
EXPERIMENTAL METHODS
1. R a t i o n a l e  f o r  Chosen Methodology and C o n d i t i o n s
The b a t c h  e q u i l i b r a t i o n  t e c h n i q u e  was used t o  measure n o n p o l a r  chemi­
c a l  s o r p t i o n  by low OC s o r b e n t s  b e c a u se  I t  1) a l lo w s  f o r  t h e  d e t e r m i n a t i o n  
o f  an e n t i r e  s o r p t i o n  I s o th e rm  1n a s h o r t  amount of  t i m e ,  2 )  I s  commonly 
used In s i m i l a r  s t u d i e s  o f  s u r f a c e  s o i l  and s e d i m e n t s ,  and 3) In v o lv e s  
fewer  v a r i a b l e s  th a n  dynamic (column) t e c h n i q u e s  ( p e r s o n a l  c o F r m u n l c a t l o n ,  
Dr. W.G. M a c In ty re ,  VIMS, G l o u c e s t e r  P t . ,  VA). S ince  smal l  amounts o f  
chemica l  were  s o r b e d ,  l i q u i d  s c i n t i l l a t i o n  t e c h n i q u e s  were u sed  to  
q u a n t i f y  up take  o f  ^ C - l a b e l e d  s o r b a t e s .  Use o f  t h e  b a t c h  t e c h n i q u e  
a l s o  p ro v id e d  b e t t e r  h a n d l in g  c o n t r o l  of  t h e  r a d i o l a b e l e d  c h e m i c a l s .
Tn a l l  s o r p t i o n  I so the rm  s t u d i e s ,  2 ,0  g o f  s o rb e n t  and 10 mL o f  
aqueous  s o r b a t e  were u s e d .  This r a t i o  was s e l e c t e d  t o  p r o v i d e  m e asu ra b le  
changes  in s o r b a t e  c o n c e n t r a t i o n  w i t h o u t  u s in g  too  much s o r b e n t .
S u f f i c i e n t  s o l u t i o n  was a v a i l a b l e  f o r  l i q u i d  s c i n t i l l a t i o n  c o u n t in g  and 
pH measurement .  The f i x e d  s o l u t i o n / s o r b e n t  r a t i o  was m a in t a i n e d  
th ro u g h o u t  and s o r b a t e - s o l u t l o n  s e p a r a t i o n s  by c e n t r i f u g a t i o n  were made 
as comple te  as  p o s s i b l e  t o  avo id  p o s s i b l e  s o r b e n t  c o n c e n t r a t i o n  e f f e c t s .  
D i f f e r e n c e s  1n s o r b e n t  d e n s i t y  c au s ed  t h e  s o l i d - l i q u i d  r a t i o  t o  v a ry  
somewhat because  t h e  same c o n t a i n e r s  ( c o n s t a n t  t o t a l  volume) were used  In 
a l l  I s o th e rm  e x p e r i m e n t s .  These r a t i o  d i f f e r e n c e s  a r e  much s m a l l e r  th a n  
t h o s e  d i f f e r e n c e s  e x i s t i n g  where a s o rb e n t  c o n c e n t r a t i o n  e f f e c t  was 
r e p o r t e d .  A l l  d a t a  a c q u i r e d  on t h e  d i f f e r e n t  s o r b e n t s  w i t h i n  t h i s  work
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a r e  com parab le  w i th  r e g a r d  to  s o l i d - l i q u i d  r a t i o ,  Any c o n c e n t r a t i o n  
e f f e c t  would remain c o n s t a n t  w i t h i n  t h i s  s tu d y  and not  a f f e c t  comparisons  
between K v a l u e s  o f  a s o r b a t e  on d i f f e r e n t  s o r b e n t s .
M1111-Q w a te r  was s e l e c t e d  f o r  a l l  I s o th e rm  exper iments  to minimize 
o r g a n i c  and I n o r g a n i c  c o n t a m in a n t s  In the  aqueous p h ase .  No a t t e m p t  was 
made t o  p roduce  a " s y n t h e t i c "  g roundwate r  by ad d in g  Ino rgan ic  s a l t s  or 
b u f f e r s  t o  t h e  M1111-Q w a t e r ,  s i n c e  each  g roundw ate r  sample 1s a p roduc t  
o f  t h e  p a r t i c u l a r  g e o l o g i c  m a t e r i a l s  t h ro u g h  which I t  p a s s e s  and no 
s t a n d a r d i z e d  f o r m u l a t i o n  can  be made. The u sua l  s o r b a t e  c o n c e n t r a t i o n  
r a n g e ,  0 .001  t o  1 mg/L was chosen  to  co v e r  t h e  expec ted  env i ronm en ta l  
g ro u n d w a te r  c o n t a m i n a t i o n  l e v e l s  and to  produce I so the rm s  a t  
c o n c e n t r a t i o n s  l e s s  th a n  h a l f  s o l u t e  s a t u r a t i o n .  R e s u l t i n g  Iso therm da ta  
were f i t  t o  a l i n e a r  model because  o f  I t s  s i m p l i c i t y  and widespread  use .  
O th e r  models  were t e s t e d ,  b u t  d id  n o t  have any a p p a r e n t  advan tage over 
t h e  l i n e a r  f i t ,  and,  as  M acIn ty re  and deFur  (1985) p o i n t  o u t ,  the  c h o k e  
o f  model Is u s u a l l y  a r b i t r a r y .
Ambient l a b o r a t o r y  t e m p e r a t u r e  (22 .5+  1°C) was s e l e c t e d  because  a 
t e m p e r a t u r e  s i g n i f i c a n t l y  d i f f e r e n t  from t h i s  would r e q u i r e  a l l  handl ing  
o p e r a t i o n s  t o  be done In an e n v i ro n m e n ta l  cham ber .  Near room te m p era tu re  
a 10°C t e m p e r a t u r e  change c a u s e s  t h e  K v a lu e  t o  change by 25* (Chlou e t  
a l , ,  1977).  S ince  t h e r e  was on ly  a 2°C o r  l e s s  ra n g e  In t e m p e ra t u r e ,  
changes  in K v a l u e s  due t o  t e m p e r a t u r e  v a r i a t i o n  would be 5* or  l e s s .
All  I s o th e rm s  were o b t a i n e d  by e q u i l i b r a t i o n ,  c e n t r i f u g a t i o n ,  d i l u t i o n ,  
and t r a n s f e r  a t  t h i s  t e m p e r a t u r e .
An e q u i l i b r a t i o n  t im e  o f  24 h r s  was used  b e c a u se  I t  has commonly 
been used In s i m i l a r  s o r p t i o n  e x p e r i m e n t s  and was s h o r t  enough to  permi t  
I n v e s t i g a t i n g  a l a r g e  number o f  s o r b a t e / s o r b e n t  co m b in a t io n s .  P r e l i m in a ry
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exper im en ts  showed no o b s e r v a b le  s o r p t i o n  changes  a f t e r  16 h r s .  P e r io d s  
lo nger  than  24 hrs  were n o t  used due to  p o s s i b l e  b i o d e g r a d a t i o n  o f  
s o r b a t e s  over  extended  e q u i l i b r a t i o n  p e r i o d s .
The ba tch  i s o th e rm  t e c h n i q u e  u sed  h e r e  m e a s u re s  m acroscop ic  
thermodynamic s t a t e s ,  which  a r e  a v e r a g e s  o f  an en sem b le  o f  m i c r o s c o p i c  
s t a t e s  o f  the  system c o n s i d e r e d  t o  be a t  e q u i l i b r i u m .  There i s  no way to  
deduce from t h i s  ave rage  s t a t e  t h e  c o n d i t i o n  of  a p a r t i c u l a r  m o le c u le  
s in ce  t h i s  average  i s  based  on enormous numbers o f  m o l e c u le s  and e n e rg y  
s t a t e s .  However, I t  I s  p o s s i b l e  t o  make i n f e r e n c e s  from t h e  ensemble  
a v e ra g es  and our knowledge s temnlng from nonthermodynamic o b s e r v a t i o n .  
D i r e c t  o b s e r v a t i o n s  o f  s i n g l e  m o l e c u l e / s u r f a c e  I n t e r a c t i o n s  a r e  n o t  
p o s s i b l e  by e q u i l i b r i u m  methods .
2. S o r b e n t / S o r b a t e  M a t e r i a l s
The s o rb a te s  chosen f o r  s t u d y  a r e  low m o l e c u l a r  w e i g h t ,  n o n p o l a r  
o rg an ic  compounds found 1n f u e l s  and i n d u s t r i a l  s o l v e n t s  t h a t  have  been 
i d e n t i f i e d  a t  numerous g roundw ater  c o n t a m i n a t i o n  s i t e s .  The c l a y  and 
ox ide  m i n e ra l s  s e l e c t e d  a s  s o r b e n t s  a r e  d e c o m p o s i t i o n  p r o d u c t s  o f  Igneous 
and metamorphic rocks  and th u s  components  o f  s o i l s  and a q u i f e r  m a t e r i a l .
A s u r f a c e  s o i l  sample was Inc luded  t o  e s t a b l i s h  a r e f e r e n c e  f o r  
comparison with  s o r p t i o n  on the  low c a rb o n  s o r b e n t s .  The a q u i f e r  
m a t e r i a l s ,  s e l e c t e d  as s o r b e n t s  and c o l l e c t e d  from U.S.  Government-owned 
s i t e s ,  r e p r e s e n t  s a t u r a t e d  zone m a t e r i a l  from d i f f e r e n t  g e o l o g i c  r e g i o n s .  
Ino rgan ic  Oxides and S u r f a c e  S o i l
The f o u r  Ino rgan ic  o x i d e s  were :  g o e t h i t e  ( P f i z e r ,  New York,  NY), Linde
0 .3  micron alumina p o l i s h i n g  powder (Union C a r b i d e ,  T n d l a n a p o l I s ,  TN), 
g l b b s l t e  (Hydral 705; A lco a ,  Alcoa C e n t e r ,  PA), and MIN-U-SIL5
(P en n s y lv an ia  G lass  Sand C o r p o r a t i o n ,  P i t t s b u r g h ,  PA).
One s u r f a c e  s o i l  s o r b e n t  was u s e d :  A ppalachee  Ap h o r i z o n  ( S o i l  Sc ience
D e p t . ,  U n i v e r s i t y  o f  F l o r i d a ,  G a i n e s v i l l e ,  FL).
Clay M in e ra l s
The f o u r  c l a y  m i n e r a l s  were o b t a i n e d  from t h e  C la y  M in e ra l s  Socie ty*  
Source Clays R e p o s i t o r y ,  U n i v e r s i t y  o f  M i s s o u r i ,  Columbia,  MO 65211.
They w ere :  KGa-1* K a o l i n ,  w e l l  c r y s t a l H z e d ,  Washington County,  GA;
SAz-1, C a -m o n tm o r i l lo n i t e *  Apache County,  AZ; SWy-l,  Na-montmor11 I o n i t e ,  
Crook County,  WV; and Syn-1 ,  Barasyn  SSM-1GQ* s y n t h e t i c  mica-  
montmorl 1 I o n i t e .
A q u i fe r  M a t e r i a l s
Seven a q u i f e r  m a t e r i a l s  were  u s e d .  Canad ian  Borden s i t e  a q u i f e r  
m a t e r i a l  was o b ta in e d  from D.M. Mackay a t  S t a n f o r d  U n i v e r s i t y  and i s  a 
subsample o f  t h e  "bulk"  sample d e s c r i h e d  by Mackay e t  a l ,  ( 1 9 8 6 ) .  Lula 
a q u i f e r  m a t e r i a l  was c o l l e c t e d  a t  a d e p th  o f  5 m from t h e  Johnson Ranch 
near  L u l a ,  OK and p ro v id ed  by R o b e r t  S. Kerr  E nv i ronm en ta l  Research  
L a b o r a to r y ,  U.S.  Envi ronmenta l  P r o t e c t i o n  Agency,  Ada, OK. Four a q u i f e r  
m a t e r i a l s  were c o l l e c t e d  a t  d i f f e r e n t  A i r  F o rc e  b a s e s  a c r o s s  the  United  
S t a t e s ,  r e p r e s e n t i n g  a v a r i e t y  o f  g e o l o g i c  m a t e r i a l s .  L o c a t io n s  and 
d r i l l i n g  logs  a r e  g iven  in Appendix I ,  An a d d i t i o n a l  a q u i f e r  m a t e r i a l  
was c o l l e c t e d  from t h e  Coas t  Guard S t a t i o n  a t  T r a v e r s e  C i t y ,  MI, 
P e t r o g r a p h i c  d e s c r i p t i o n s  o f  t h e s e  a q u i f e r  m a t e r i a l s  a r e  g iven  in 
Appendix U .
F iv e  ^ C - l a b e l e d  chem ica l  s o r b a t e s  were u sed :  o -d 1 ch lo ro b e n zen e
(ODCB), n a p h t h a l e n e  (NAPH), and p e n t a c h l o r o p h e n o l  fPCP) from P a t h f i n d e r  
L a b o r a t o r i e s ,  I n c , ,  1 , 1 , 2 - t r 1 c h l o r o e t h y l e n e  (TCE) from New England 
N u c le a r ;  and 1 -m e th y ln ap h th a len e  (MNAP) from Amersham. S p e c i f i c  
a c t i v i t i e s  were 11.58 mCl/nwiol f o r  ODCB o f  98* c h e m ica l  p u r i t y ,  6 .12
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mCVnmol f o r  NAPH o f  98* ch e m ic a l  p u r i t y ,  10 .57 mCl/mmol
f o r  PCP o f  9B% c h e m ic a l  p u r i t y ,  2 . 7  mCl/mmol f o r  MNAP o f  941 chemical
p u r i t y ,  and 6 . 6  mCl/mmol f o r  TCE o f  u n s p e c i f i e d  chem ica l  p u r i t y .
3.  S o r b e n t / S o r b a t e  C h a r a c t e r i z a t i o n s
S p e c i f i c  s u r f a c e  a r e a s  were d e t e r m in e d  on a l l  s o r b e n t s .  S in g le  
p o i n t  c o n d e n s a t i o n  s u r f a c e  a r e a  measurements  were made with a 
M i c r o m e t r i e s  F lo w so rb  2300 I n s t r u m e n t *  us ing  a the rm al  c o n d u c t i v i t y  
d e t e c t o r .  All  s o r b e n t s  were p r e t r e a t e d  by d r y i n g  a t  60°C o v e rn ig h t  In 
an e v a c u a t e d  d r y i n g  o v e n .  Samples  were s t o r e d  1n a d e s i c c a t o r  u n t i l  
a n a l y z e d .  Samples were d e g a s s e d  Im m ed ia te ly  p r i o r  t o  uptake.
S o r b e n t  OC was d e t e r m in e d  by s e v e r a l  t e c h n i q u e s .  Dlchramate 
o x i d a t i o n  o f  t h e  s o r b e n t  f o l l o w e d  by back t i t r a t i o n  w i th  Fe^SO^ was 
done  I n i t i a l l y .  Th i s  1s c a l l e d  th e  W alk ley -B lack  method (Nelson and 
Sommers,  1982) .  T i t r a t i o n  r e s u l t s  were  q u e s t i o n a b l e  beca use  most 
s o r b e n t s  were v e r y  low In OC; t h e r e f o r e  a m o d i f i e d  method was t r i e d .  
B ic h r o m a te  o x i d a t i o n  was t e s t e d  w i th  t h e  CO  ^ l i b e r a t e d  be ing  t r a p p e d  in  
a s c a r l t e  and w e ig h ed .  Small w e i g h t  c hange s  due t o  low s o r b e n t  OC a g a i n  
led  t o  u n c e r t a i n  r e s u l t s .
A d r y  co m b u s t io n  method d e s c r i b e d  below was f i n a l l y  s e l e c t e d  f o r  OC 
a n a l y s i s .  I n i t i a l  t r i a l s  used  H^SO^ t o  remove I n o r g a n i c  CO., from 
d r i e d  s o r b e n t  s a m p l e s  p l a c e d  in  p l a t i n u m  c r u c i b l e s .  Some samples were 
h ig h  1n c a r b o n a t e s  and  d id  n o t  c o m p l e t e l y  remove t h e s e
c a r b o n a t e s *  t h e r e b y  p r o d u c in g  e r r o r s  1n t h e  OC d e t e r m i n a t i o n .  T rea tm ent 
w i th  Hj>SQ3 was r e p l a c e d  by  r o u t i n e  a d d i t i o n  o f  10 ml o f  3N HCl to  10 
g o f  s o r b e n t *  e f f e c t i v e l y  removing  a l l  c a r b o n a t e s .  The sorben t  was th e n  
washed  o n c e  w i th  M1111-Q w a t e r  t o  remove u n r e a c t e d  HCl and Cl" and 
r e d r i e d .  Four s u b sa m p le s  o f  t h e  d r i e d  s o r b e n t  weighing  100 mg o r  l e s s
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were each  combusted In a p l a t i n u m  b o a t  a t  900°C in  a Dohrmann model
■i
DC-80 TOC a n a l y z e r .  The TOC a n a l y z e r  was m o d i f i e d  so t h a t  200 cm Vm1n 
o f  0^ went d i r e c t l y  t h ro u g h  t h e  combust ion  tu b e  and in to  t h e  Horiba TR 
p h o t o m e t e r .  A P e r k ln - E l m e r  LCI 100 I n t e g r a t o r  was co n n e c te d  to  t h e  IR 
o u t p u t  and used  t o  d e t e r m i n e  peak a r e a s  f rom CO,, produced d u r in g  
co m b u s t io n .  P r i o r  t o  a n a l y s e s ,  t h e  c a l i b r a t i o n  o f  IR p ho tom e te r  r e s p o n s e  
was checked  a g a i n s t  m a n u f a c t u r e r s '  d a t a  u s i n g  a s e r i e s  o f  p r im ary  gas  
s t a n d a r d s  f rom Matheson Gas Company. The p r im a ry  s t a n d a r d  g rade  gas  
s t a n d a r d s  had a c e r t i f i e d  c o n c e n t r a t i o n  a c c u r a c y  o f  +0 .02*  a b s o l u t e .  A 
c u r v e  r e l a t i n g  peak a r e a  t o  mass o f  CO,, ( F i g u r e  1) was c o n s t r u c t e d  by 
r e p l i c a t e  i n j e c t i o n s  o f  known aq u eo u s  c o n c e n t r a t i o n s  o f  p o t a s s iu m  a c i d  
p h t h a l a t e ,  This  com bus t ion  a n a l y s i s  proved th e  most s e n s i t i v e  and 
r e p r o d u c i b l e  o f  t h e  OC t e c h n i q u e s .  All s o r b e n t s  were a n a l y z e d  by th e  
com bus t ion  method t o  p r o v id e  a c o n s i s t e n t  d a t a  s e t .
S o r p t i o n  sy s t e m  pH was m easu red  with an Or ion  pH m e t e r ,  Model 6 0 1A, 
u s i n g  a co m b in a t io n  g l a s s  e l e c t r o d e ,  number 13-639 90* from F i s h e r  
S c i e n t i f i c  Company. The m e te r  was c a l i b r a t e d  u s in g  two s t a n d a r d  b u f f e r  
s o l u t i o n s  s p ann ing  t h e  pH ran g e  o f  t h e  sam ples .  Samples f o r  pH a n a l y s i s  
were t a k e n  from th e  s u p e r n a t a n t  l i q u i d  in t h e  h y p o - v i a l s  a f t e r  
c e n t r i f u g a t i o n  and r e p r e s e n t  e q u i l i b r i u m  pH o b t a i n e d  a f t e r  24 hour 
c o n t a c t  o f  s o l u t i o n  and  s o r b e n t .
C a t io n  exchange  c a p a c i t y  (CEC) f o r  t h e  s u r f a c e  s o i l  m a t e r i a l  was 
d e t e r m in e d  by t h e  ammonium s a t u r a t i o n  method (Chapman, 1 965 ) .  The 
U n i v e r s i t y  o f  F l o r i d a  S o i l  C h a r a c t e r i z a t i o n  L a b o r a to r y  d e t e rm in e d  t h e  CEC 
f o r  t h e  a q u i f e r  m a t e r i a l s  a s  f o l l o w s .  Samples were e x t r a c t e d  with  
ammonium a c e t a t e  a t  pH 7 .0  and f i l t e r e d .  The f i l t r a t e  was a n a ly z e d  f o r  
c a l c i u m ,  magnesium, sodium, and p o ta s s iu m  by a to m ic  a b s o r p t i o n
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s p e c t r o p h o t o m e t r y .  Exchange  a c i d i t y  was d e t e rm in e d  by l e a c h i n g  t h e  
a q u i f e r  m a t e r i a l  w i th  0 .5N BaCl^ and 0 .0 5 5  N t r l e t h a n o l a m i n e  s o l u t i o n  
a d j u s t e d  t o  pH 8 w i th  HCl.  The r e s u l t i n g  s o l u t i o n  was t i t r a t e d  w i th  
s t a n d a r d  HCl. Exchange a c i d i t y  was summed w i th  t h e  m e ta l  c o n c e n t r a t i o n s  
from t h e  a tom ic  a b s o r p t i o n  a n a l y s i s  t o  g i v e  t h e  CEC. CEC d a t a  f o r  t h e  
s t a n d a r d  c l a y s  was g iv e n  by F r l p l a t  and van Olphen (1 9 7 9 ) .
P a r t i c l e  s i z e  d i s t r i b u t i o n ,  p e r c e n t a g e  2 - l a y e r  c l a y  ( 1 : 1 ) ,  
p e r c e n t a g e  3 - l a y e r  c l a y  ( 2 : 1 ) ,  I r o n  c o n t e n t ,  and p e t r o l o g i c  a n a l y s e s  on 
t h e  a q u i f e r  m a t e r i a l s  were  done by Twin C i t i e s  Research  C e n t e r ,  Bureau  o f  
H in e s ,  M i n n e a p o l i s ,  MN 55417.  P a r t i c l e  s i z e  d i s t r i b u t i o n  was done by 
s t a n d a r d  s i e v e  a n a l y s i s  and p i p e t t e  a n a l y s e s  as o u t l i n e d  by Folk  ( 1 9 6 8 ) .  
E l e m e n ta l  a n a l y s e s  were done by d i s s o l v i n g  th e  samples  w i th  a m i x t u r e  o f  
c o n c e n t r a t e d  p e r c h l o r i c ,  h y d r o c h l o r i c ,  and n i t r i c  a c i d s .  The r e s u l t i n g  
s o l u t i o n  was a n a ly z e d  on a g r a p h i t e  tu b e  f u r n a c e  u s in g  a tom ic  a b s o r p t i o n  
s p e c t r o p h o t o m e t r y .  I ron  d e t e r m i n a t i o n s  were per fo rm ed  by  b o i l i n g  1 .0  g 
a q u i f e r  m a t e r i a l  in  25 ml c o n c e n t r a t e d  HC1 and 10 d rops  HF u n t i l  
d i s s o l v e d .  The I ro n  s o l u t i o n  was t i t r a t e d  w i th  s t a n d a r d  K^Cr^O^ 
s o l u t i o n  (Westbrook e t  a l . ,  1975) .
P e t r o g r a p h l c  a n a l y s e s  were per formed  by exam in ing  t h e  r e f r a c t i v e  
Index o f  o i l  immersion mounts o f  each a q u i f e r  m a t e r i a l  u s in g  a Z e i s s  
p e t r o g r a p h l c  m i c ro s c o p e .  M ine ra l  phases  were i d e n t i f i e d  by  t h e i r  o p t i c a l  
p r o p e r t i e s .  Opaque heavy  m i n e r a l s  and t h o s e  heavy m i n e r a l s  which 
were v e r y  r a r e  c o u l d  no t  be d e f i n i t e l y  i d e n t i f i e d .  M inera l  abundances  
were d e t e r m in e d  by com par ison  t o  s t a n d a r d  m i n e r a l  abundance  c h a r t s  and by 
p o i n t  c o u n t i n g  m i n e r a l  g r a i n s .  U n i d e n t i f i e d  m i n e r a l s  g e n e r a l l y  composed 
2% o r  l e s s  o f  t h e  sam p le ,  e x c e p t  Tinker  which c o n t a i n e d  a p p r o x i m a t e l y  4% 
u n i d e n t i f i e d  m i n e r a l s .
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C lay  s i z e  f r a c t i o n s  (< 2jum) were s e p a r a t e d  from t h e  bulk  sample by 
s e d i m e n t a t i o n  In a g r a d u a t e d  c y l i n d e r  ( p i p e t t e  a n a l y s i s ) ,  mixed with  
d e i o n i z e d  w a te r  t o  form a s l u r r y  and .  sp read  a c r o s s  a g l a s s  s l i d e ,  and 
e v a p o r a t e d .  Th i s  method produced an o r i e n t e d  mount o f  c l a y  f i l m s  f o r  
x - r a y  d i f f r a c t i o n  a n a l y s i s  u s in g  a P h i l i p s  E l e c t r o n i c  I n s t r u m e n t s  APD 
3600/01 au tom a te d  powder d i f f r a c t o m e t e r .  X - ray  r e f l e c t i o n s  were g a t h e r e d  
a t  the  r a t e  o f  500 c o u n t s / s e c .  Samples were scanned  f rom 2 . 5 °  t o  60° 
two t h e t a  u s in g  CuK r a d i a t i o n  a t  40 Kv and 14 ma. D l f f r a c t o g r a m s  were 
compared t o  c u r r e n t  J o i n t  Committee on Powder D i f f r a c t i o n  S ta n d a rd s  f i l e s  
and d i f f r a c t i o n  p a t t e r n s  1n B r i n d l e y  (1 9 8 0 ) ,
Each sample was I r r a d i a t e d  s e v e r a l  t i m e s .  Al l  samples  were 
I r r a d i a t e d  d ry  and a f t e r  t r e a t m e n t  w i th  e t h y l e n e  g l y c o l  t o  sw e l l  
s m e c t i t e s  and a i d  1n t h e i r  I d e n t i f i c a t i o n .  S l i d e s  were s e l e c t i v e l y  h e a t  
t r e a t e d  t o  110°, 300°,  o r  600° C depending  on t h e  s u s p e c t e d  
I d e n t i t y  o f  t h e  m i n e r a l s .  Changes 1n c h a r a c t e r I s t l c  p a t t e r n s  caused  by 
t h e  h e a t i n g  p r o c e d u r e  were used t o  co n f i rm  m i n e r a l  p r e s e n c e  1n t h e  sample .
S in c e  a l l  a q u i f e r  m a t e r i a l s  c o n t a i n e d  more than  one c l a y  m i n e r a l ,  
t h e  r e l a t i v e  p r o p o r t i o n s  f o r  each  c l a y  were d e t e rm in e d  by  x - r a y  
d i f f r a c t i o n  u s in g  an e x t e r n a l  s t a n d a r d  t e c h n i q u e  ( B r i n d l e y ,  1980) .  A 
s t a n d a r d  m i x tu r e  o f  k a o l i n i t e  and s m e c t i t e  was p re p a re d  by mix ing  known 
p o r t i o n s  o f  t h e  c l a y s .  An i l H t e  s t a n d a r d  was n o t  a v a i l a b l e ,  so  1111 t e  
and mixed l a y e r  c l a y  p r o p o r t i o n s  were d e t e rm in e d  by d i f f e r e n c e  between 
t o t a l  c l a y  and k a o l i n i t e  p lus  s m e c t i t e .  S ince  111Tte and mixed l a y e r  
c l a y s  were p r e s e n t  a t  low l e v e l s  ( l e s s  t h a n  lit f o r  a l l  a q u i f e r  m a t e r i a l s  
e x c e p t  C a r s w e l l ,  which had abou t  4 t ) ,  t h e  Impac t  o f  t h e  u n a v a i l a b i l i t y  o f  
i l l  1 t e  s t a n d a r d  was minimal.
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C la y  m ine ra l  c o n t e n t  was c a l c u l a t e d  by measur ing  r e f l e c t e d  x - r a y  
i n t e n s i t i e s  o f  t h e  sample and the e x t e r n a l  s t a n d a r d  and s u b s t i t u t i o n  of  
t h e s e  v a l u e s  In to  e q u a t i o n  (4 ) :
WP=(IP / I°P ) (u /uP)  (4)
where WP Is  t h e  w eight  p r o p o r t i o n  o f  component P,  IP i s  t h e  I n t e n s i t y  o f  
x - r a y  r e f l e c t i o n  o f  component P, I°P i s  t h e  i n t e n s i t y  o f  x - r a y  
r e f l e c t i o n  o f  m inera l  s t a n d a r d ,  uP 1s t h e  mass a t t e n u a t i o n  c o e f f i c i e n t  of 
t h e  m i n e r a l  s t a n d a r d ,  and u 1s the  mass a t t e n u a t i o n  c o e f f i c i e n t  o f  t h e  
m i x t u r e .  Mineral  mass a t t e n u a t i o n  f a c t o r s  were g iv e n  by B r i n d l e y
( 1 9 8 0 ) .  Mass a t t e n u a t i o n  c o e f f i c i e n t s  f o r  each a q u i f e r  m a t e r i a l  were 
c a l c u l a t e d  by s u c c e s s i v e  app ro x im a t io n .  Areas un d e r  t h e  s t r o n g e s t  x - r a y  
r e f l e c t i o n  f o r  each  m in e ra l  were used  f o r  the  I n t e n s i t i e s  o f  t h e  
component  and m inera l  s t a n d a r d .  The p r o p o r t i o n s  o f  m i n e ra l s  In eac h  
sample  were  taken  to  be t h e  same as t h e  r a t i o  o f  t h e  i n t e n s i t y  o f  th e  
s t r o n g e s t  x - r a y  r e f l e c t i o n  o f  each m i n e r a l .  From t h i s  r a t i o ,  a 
w e ig h t - a v e r a g e d  a t t e n u a t i o n  c o e f f i c i e n t  was used t o  s o lv e  e q u a t i o n  (4)  
f o r  t h e  abundance o f  each m i n e r a l .  The c a l c u l a t e d  p r o p o r t i o n s  were then  
used  t o  c a l c u l a t e  a new mass a t t e n u a t i o n  c o e f f i c i e n t  which was th e n  
s u b s t i t u t e d  i n t o  t h e  e q u a t i o n .  This I t e r a t i v e  p r o c e s s  was r e p e a t e d  u n t i l  
r e s u l t s  showed no s i g n i f i c a n t  change.
4.  S o r b e n t  P r e t r e a t m e n t s
The o x id e s  and the  s u r f a c e  s o i l  s o r b e n t s  were p r e t r e a t e d  by  p l a c i n g  
40  g o f  m a t e r i a l  I n to  300-ml c e n t r i f u g e  tu b e s  and add ing  1 M NaOH, 1 M 
HCl o r  M1111-Q w a t e r ,  depending on w he the r  t h e  s o r p t i o n  e x p e r im e n t s  were 
t o  be ru n  under  b a s i c ,  a c i d i c ,  o r  " n e u t r a l ' 1 ( u n a d j u s t e d )  c o n d i t i o n s .  The 
b o t t l e s  were  a g i t a t e d  f o r  24 hours and c e n t r i f u g e d  a t  1500 G f o r  10 mln.
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The su p e rn a ta n t  l i q u id  was decanted  and r e p l a c e d  w i th  M1111-Q w a t e r ,  and 
t h e  p ro cess  r e p e a te d  t h r e e  more t i m e s .  The m o d i f ied  s o r b e n t  was th e n  
added as a s l u r r y  to  the  h y p o - v l a l s  f o r  s o r p t i o n  measurement.  A f t e r  
e q u i l i b r a t i o n  and l iq u id  s c i n t i l l a t i o n  a n a l y s i s ,  t h e  s o r b e n t s  were d r i e d  
o v e r n i g h t  a t  104°C and weighed to  p rov ide  t h e  s o r b e n t  w e ig h t s .
Na-montmor11 Io n i t e  sw e l led  upon a d d i t i o n  o f  M1111-Q w a te r ,  and NaCl 
was added to  degel  the  c l a y  suspension  so I t  could be c e n t r i f u g e d .  A 
s e r i e s  o f  t e s t  tube s  c o n t a i n i n g  1 g o f  c l a y  and 30 ml of  w ate r  was 
t r e a t e d  w i th  In c re a s in g  amounts of  NaCl s o l u t i o n  u n t i l  the  c l a y  s e p a r a t e d  
from the  l i q u i d  a f t e r  sh ak in g .  Sepa ra t ion  o c c u r r e d  w i th  an aqueous 
c o n c e n t r a t i o n  o f  0 .6  M NaCl. All subsequent  exper im en t s  w ith  
Na-montmor11I o n i t e  were run in t h i s  s a l t  s o l u t i o n .  Since I o n i c  s t r e n g t h s  
o f  t h i s  magnitude have been shown t o  s l i g h t l y  I n c r e a s e  s o r p t i o n  In s o i l s  
(K a r lc k h o f f  e t  a 1 . ,  19B4, S t a u f f e r  and M acIn tyre ,  1986),  the  e f f e c t  of  
NaCl a d d i t i o n  on c l a y  s o r p t i o n  was I n v e s t i g a t e d  by measur ing  s o r p t i o n  
w i th  and w i thou t  s a l t  s o l u t i o n  added to  iso therms  o f  MNAP on k a o l i n i t e  
and b a rasyn .
M on tm or i l Ion i t e s  were Ca- or  A l - s a t u r a t e d  by weigh ing 40 g o f  c l a y  
i n t o  300-mL c e n t r i f u g e  t u b e s  and adding  ZOO ml o f  0 .1  M CaCl^ o r  0 .1  M 
A l C l y  The c o n t e n t s  were a g i t a t e d  f o r  s e v e ra l  hours  and then  
c e n t r i f u g e d  a t  1500 G f o r  10 minutes t o  s e p a r a t e  p h a s e s .  The exchanged 
s a l t  s o l u t i o n  was d i s c a rd e d  and r e p la c e d  with  f r e s h  s a l t  s o l u t i o n .  The 
c l a y  was resuspended and a g i t a t e d  f o r  s eve ra l  more hours  b e f o r e  
c e n t r i f u g a t i o n .  A f te r  d i s c a r d i n g  th e  s u p e r n a t a n t  l i q u i d ,  M1111-Q wate r  
was added and the  c l a y  was resuspended and a g i t a t e d  f o r  s e v e r a l  hours  to  
remove excess  s a l t  s o l u t i o n .  Af te r  c e n t r i f u g a t i o n ,  t h e  s u p e r n a t a n t
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11qu1d was t e s t e d  f o r  r e s i d u a l  C l -  by t i t r a t i o n  w i th  AgNO^ by th e  
Mohr method.  The washing p r o c e d u r e  was r e p e a t e d  u n t i l  r e s i d u a l  Cl" was 
n o t  d e t e c t e d .  The m o n t m o r l l I o n i t e s  were t h e n  c o n s i d e r e d  t o  be in the  Ca- 
o r  A 1 - s a t u r a t e d  form.
Barasyn ,  a s y n t h e t i c  m ontmor l1I o n i t e ,  1s NH^ s a t u r a t e d  when 
d e l i v e r e d .  Attempts were made t o  s a t u r a t e  w i t h  Na4 , Al4^* and Ca4^
Ions  t o  o b s e rv e  t h e i r  I n f l u e n c e  on s o r p t i o n ,  b u t  w i th o u t  s u c c e s s .  A 
s l i g h t  anmoniaca l  odor  remained  on th e  b a ra s y n  a f t e r  a l l  s u b s t i t u t i o n  
a t t e m p t s *  I n d i c a t i n g  r e s i d u a l  ammonia. NaQH was added t o  t r y  t o  exchange 
th e  NH^, b u t  t h i s  a d d i t i o n  c o n v e r t e d  t h e  b a r a s y n  to  a t h i c k  ge l  t h a t  
c o u ld  not  be broken or  c e n t r i f u g e d .  No f u r t h e r  a t t e m p t s  were made t o  
a l t e r  t h e  barasyn* and 1 t  was used as r e c e i v e d .
A q u i fe r  m a t e r i a l s  were c o l l e c t e d  by a ho l low -s te rn  a u g e r  d r i l l i n g  r i g  
from the  s a t u r a t e d  zone .  M a t e r i a l  from v a r i o u s  d e p th s  1n t h i s  zone was 
p la c e d  In p o l y e t h y l e n e  bags and t r a n s p o r t e d  t o  t h e  l a b o r a t o r y .  The 
m a t e r i a l s  were  a i r  d r i e d  and ground  by m o r t a r  and p e s t l e  t o  p a s s  a 1 mm 
s c r e e n .  The d r i e d  m a t e r i a l s  were s t o r e d  In a p p r o p r i a t e l y  l a b e l e d  
p o l y e t h y l e n e  bags u n t i l  u s e d .  Equal  w e ig h t s  o f  a q u i f e r  m a t e r i a l  from 
each  I d e n t i f i a b l e  r e g io n  1n th e  s a t u r a t e d  zone a t  a d r i l l i n g  s i t e  were 
mixed t o  p r o v id e  a com pos i ted  sample  o f  the  a q u i f e r  m a t e r i a l  f o r  t h e  
s i t e .  This  sample Is  r e f e r r e d  t o  In s u b s e q u e n t  d i s c u s s i o n s  o f  s p e c i f i c  
a q u i f e r s .  I n d i v i d u a l  samples  t a k e n  o ver  s p e c i f i e d  dep th  I n t e r v a l s  a t  
each s i t e  were r e t a i n e d  f o r  s t u d i e s  o f  s o r p t i o n  v a r i a t i o n s  w i th  d e p th  In 
t h e  a q u i f e r .  Air  d r i e d  a q u i f e r  m a t e r i a l s  were  added d i r e c t l y  t o  the  
h y p o v la l s  f o r  s o r p t i o n  measurement .
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5. S o rp t io n  Experimenta l  D e t a i l s
Working s o l u t i o n s  o f  t h e  l a b e l e d  compounds were p r e p a r e d  by  b re a k in g  
t h e  s ea le d  g l a s s  ampules o f  n e a t  chemica l  and d i l u t i n g  w i t h  M1111-Q 
w a t e r .  The aqueous s o l u t i o n s  were s t o r e d  1n amber b o t t l e s  a t  5°C. 
S tanda rd  s o l u t i o n s  o f  u n l a b e l e d  che m ic a l s  were p repa red  by d i l u t i n g  known 
w eigh t s  in a c e t o n l t r l l e  and  M1111-Q w a t e r , and s u b s e q u e n t l y  s t o r e d  a t  
5°C, Mineral  o x id e s  were used  a s  r e c e i v e d .
R a d i o p u r i t y  and chem ica l  p u r i t y  o f  t h e  l a b e led  compounds were t e s t e d  
u s in g  high performance  l i q u i d  ch romatography  (HPLC). Chemical  p u r i t y  was 
de te rmined  by  HPLC compar ison  between un l a b e le d  r e f e r e n c e  s t a n d a r d s  and 
the  rad io c h e m ic a l  s .  The chem ica l  p u r i t i e s  exceeded 39* f o r  a l l  s o r b a t e s  
u s e d .  The t o t a l  a c t i v i t y  o f  a known amount o f  t h e  r a d io c h e m ic a l  was then  
I n j e c t e d  on an HPLC column and the  peak co r r e s p o n d in g  t o  t h a t  chemica l  
was c o l l e c t e d  and coun ted .  Rad iochemica l  p u r i t y  was t a k e n  a s  t h e  r a t i o  
o f  t h e  two a c t i v i t i e s .  The r a d i o p u r i t i e s  a re  as f o l l o w s :  MNAP, 9 1 .7 * ;
NAPH, 100.0*; TCE* 95 ,9* ;  ODCB, 101.7*;  and PCP, 99.3*.
S o lven t  e x t r a c t i o n  e x p e r i m e n t s  were done to  t e s t  r e s u l t s  by th e  
c o n c e n t r a t i o n  d i f f e r e n c e  method f o r  t h e  s u r f a c e  s o i l .  Samples were 
removed from v i a l s  f o r  a n a l y s i s  and s o r p t i o n  c a l c u l a t e d  by the 
c o n c e n t r a t i o n  d i f f e r e n c e  m e thod ;  the  e x c e s s  l i q u i d  in t h e  v i a l s  was 
d i s c a r d e d  and t h e  v i a l s  r e f i l l e d  with  an e x t r a c t i n g  s o l v e n t ,  t h e  
s c i n t i l l a t i o n  c o c k t a i l .  The sample v i a l s  were r e s e a l e d  and a g i t a t e d  
o v e r n i g h t .  A f t e r  c e n t r i f u g a t i o n  a t  3 ,000  G, the  v i a l s  were opened and 
th e  c o c k t a i l  was removed f o r  c o u n t i n g .  S o rp t io n  c o e f f i c i e n t s  o b t a i n e d  by 
t h i s  e x t r a c t i o n  were 98* o f  t h e  va lue  o f  t h o s e  c a l c u l a t e d  by  th e  s o l u t i o n  
c o n c e n t r a t i o n  d i f f e r e n c e  me thod .
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S o rp t io n  iso the rms  f o r  g o e t h i t e  by s o l v e n t  e x t r a c t i o n  were per formed  
using a c e t o n i t r i l e ,  b e c a u se  g o e t h i t e  formed i n t r a c t a b l e  s u s p e n s i o n s  with  
s c i n t i l l a t i o n  c o c k t a i l .  A c e t o n i t r i l e  was s e l e c t e d  a s  t h e  e x t r a c t a n t  
because i t  mixed with  g o e t h i t e  and s c i n t i l l a t i o n  c o c k t a i l .  In t h e s e  
Isotherm d e t e r m i n a t i o n s ,  MNAP was sorbed  on n e u t r a l  g o e t h i t e .  The 
b o t t l e s  were c e n t r i f u g e d  a f t e r  24 hours  of  a g i t a t i o n ,  a s u p e r n a t a n t  
l iq u id  sample was removed f o r  l i q u i d  s c i n t i l l a t i o n  co u n t in g  and th e  
r e s u l t s  were used to  c a l c u l a t e  s o r p t i o n  by t h e  s o l u t i o n  c o n c e n t r a t i o n  
d i f f e r e n c e  method.  The remain ing  s u p e r n a t a n t  l i q u i d  was poured o f f  and
5 .0  mL o f  a c e t o n i t r i l e  was added .  The b o t t l e s  were r e s e a l e d  and a g i t a t e d  
f o r  24 h r s .  A f t e r  c e n t r i f u g a t i o n ,  3 . 0  mL o f  t h e  a c e t o n i t r i l e  were 
removed f o r  a n a l y s i s .  E x t r a c t i o n s  were r e p e a t e d  tw ic e  with  3 ,0  mL 
a l i q u o t s  of  a c e t o n i t r i l e .  An a v e ra g e  o f  90S o f  t h e  s o r b a t e  was r e c o v e r e d  
1n the  t h r e e  e x t r a c t i o n s  based on t h e  amount s o r b e d ,  a s  measured by th e  
s o l u t i o n  c o n c e n t r a t i o n  d i f f e r e n c e  method.
6 . L iqu id  S c i n t i l l a t i o n  D e t a i l s
Liqu id  s c i n t i l l a t i o n  a n a l y s e s  were per formed  on a Beckman 9800
14l i q u id  s c i n t i l l a t i o n  c o u n t e r .  The C c o u n t in g  window was s e t  t o  670 
nm and samples were co u n te d  t o  2 sigma p e r c e n t  e r r o r ;  i . e . ,  t h e  9516 
conf idence  l e v e l  fo r  t h e  c o u n t .  Background c o u n t s  were o b t a in e d  from th e  
unspiked s o rb e n t  sample s u p e r n a t a n t  l i q u i d  and s u b t r a c t e d  from sample 
coun ts .  Backgrounds were  u s u a l l y  v e ry  low, 40 dpm o r  l e s s .  Counts per  
minute (cpm) were co n v e r t e d  t o  d i s i n t e g r a t i o n s  per  m in u te  (dpm) by an 
i n t e r n a l  program, which c a l c u l a t e s  a quench c u r v e  o f  seven r a d i o a c t i v e  
s t a n d a rd s  c o n t a in in g  s i m i l a r  r a d i o a c t i v e  ca rbon  c o n c e n t r a t i o n s ,  b u t  
d i f f e r e n t  quench.  From t h i s  c u r v e ,  a p l o t  o f  e f f i c i e n c y  v e r s u s  quench Is 
c o n s t r u c t e d .  The amount of  quench in  each sample i s  de te rm ined  and th e
3a
cpm o b t a i n e d  i s  c o n v e r t e d  to  dpm th ro u g h  t h e  f o l l o w i n g  r e l a t i o n :
* E f f i c i e n c y  = M  * IQQ-
dpm
Quench In t h e  In s t ru m e n t  i s  d e t e rm in e d  by a n a l y z i n g  t h e  Compton edge
137 TMproduced by ganma ra y s  from Cs, Beckman Ready Solv HP/b l i q u i d
s c i n t i 1 l a t i o n  c o c k t a i l  was used  f o r  a l l  aqueous  samples w i th o u t  added
NaCl. The f l o c c u l a t e d  c l a y  s o l u t i o n s  c o n t a i n i n g  NaCl n e c e s s i t a t e d  us ing
TM
Ready Solv HP c o c k t a i l  which c o u ld  d i s s o l v e  a g r e a t e r  volume o f  t h i s  
s o l u t i o n .  S l i g h t  d i f f e r e n c e s  in c o u n t i n g  e f f i c i e n c y  between t h e  two 
c o c k t a i l s  were  c o r r e c t e d  th r o u g h  t h e  quench cu rv e  so r e s u l t i n g  dpm were 
the same.
7. S o r p t i o n  I so therm  D e te r m in a t io n
S o r p t i o n  was measured  by add ing  2 . 0  g o f  s o r b e n t  t o  10-mL 
h y p o - v i a l s .  D i l u t e d  s o l u t i o n s  o f  t h e  l a b e l e d  compounds were added ,  and 
t h e  h y p o - v l a l s  were l e v e l - f i l l e d  w i th  M1111-Q w a t e r  (H 1 l l1 p o re  
C o r p o r a t i o n ,  Bed fo rd ,  MA) and s e a l e d  w i t h  Tef lon  - l i n e d  s e p t a .  Two 
s t a n d a r d s  and t h r e e  r e p l i c a t e  samples  were  s e t  up f o r  each  i so the rm  
c o n c e n t r a t i o n  p o i n t .  G e n e r a l l y ,  s i x  d i f f e r e n t  i n i t i a l  s o r b a t e  
c o n c e n t r a t i o n s  were used  to  e s t a b l i s h  each  i s o t h e r m .
The v i a l s  were tumbled f o r  24 h r s  and c e n t r i f u g e d  f o r  10 min a t  3000 
G. A l i q u o t s  o f  1 .40 mL o f  t h e  s u p e r n a t a n t  l i q u i d  were removed f o r  
c o u n t i n g .  V i a l s  were r e f i l l e d  w i th  w a t e r  and weighed to  c a l c u l a t e  
s o l u t i o n  vo lumes .
The dpm from l i q u i d  s c i n t i l l a t i o n  a n a l y s i s  were used t o  c a l c u l a t e  
the  amount a d s o rb ed  a t  each  e q u i l i b r i u m  c o n c e n t r a t i o n .  The method o f  
c a l c u l a t i o n  1s  based on th e  d i f f e r e n c e  in s o r b a t e  c o n c e n t r a t i o n  between 
an e q u i l i b r a t e d  sample w i t h o u t  s o r b e n t  and t h e  e q u l l b r a t e d  sample  with  
s o r b e n t ,  and Is  c a l l e d  t h e  c o n c e n t r a t i o n  d i f f e r e n c e  method. The
r e s u l t i n g  da ta  were f i t t e d  by l i n e a r  l e a s t - s q u a r e s  t o r
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x
—  -  KC (3)
m
where x 1s the  amount o f  m a t e r i a l  so rbed  in  ug; m 1 s t h e  mass of
s o rb e n t  In g; C 1s the  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  s o r b a t e  1n mg/L;
and K i s  the  s o r p t i o n  c o e f f i c i e n t  In L /k g .  The amount o f  m a t e r i a l
sorbed i s  c a l c u l a t e d  a s  x=(Co-C){V),  where CQ 1s t h e  i n i t i a l
c o n c e n t r a t i o n  1n ug/mL; C Is the  e q u i l i b r i u m  c o n c e n t r a t i o n  in  ug/mL;
and V 1s t h e  volume o f  s o l u t i o n  In ml,
8 . S t a t i s t i c a l  Methods
The d a t a  was f i t t e d  by l i n e a r  l e a s t - s q u a r e s  because  t h i s  l i n e a r
f i t  1s w id e ly  used  in s o r p t i o n  from aqueous s o l u t i o n  (B a n e r j e e  e t  a l . ,
1985; Schwarzenbach and W e s t a l l ,  1981; K a r lc k h o f f  e t  a l , ,  1979) .  The
s o r b a t e  c o n c e n t r a t i o n  r a n g e  used h e r e ,  0.001 mg/L t o  1,0 mg/L, Is
d i l u t e  and  a p p ro x im a te s  i d e a l  s o l u t i o n  c o n d i t i o n s  where d e v i a t i o n s
from l i n e a r  s o r p t i o n  b e h a v i o r  1s not e x p e c t e d .
However, s i n c e  t h e  s o r b a t e  c o n c e n t r a t i o n  r ange  spanned n e a r l y
t h r e e  o r d e r s  o f  m a g n i tu d e ,  s e v e ra l  s o r p t i o n  I so therm d a t a  s e t s  were
l o g - t r a n s fo rm e d  t o  a l i n e a r i z e d  Freund 11ch Iso therm e q u a t i o n  t o  s e e  i f
t h i s  was a b e t t e r  model .  The l o g - t r a n s f o r m a t l o n  p ro c e d u re  Is
sometimes used t o  e n s u r e  t h a t  the v a r i a n c e  remains c o n s t a n t  o v e r  t h e
complete r ange  o f  the  I s o th e rm  (Bowman e t  a l , ,  1984) ,  R e s u l t i n g
2
c o e f f i c i e n t s  o f  d e t e r m i n a t i o n  (R ) were s i m i l a r  t o  t h o s e  o b t a i n e d  
from the  l i n e a r i z e d  l e a s t - s q u a r e s  t r e a t m e n t .  S ince  t h e  F r e u n d l l c h  
e q u a t io n  d id  n o t  f i t  t h e  s o r p t i o n  I so the rm  data  any  b e t t e r  t h a n  t h e  
s im p le r  l i n e a r  e q u a t i o n ,  t h e  w idely  used  l i n e a r  e q u a t i o n  was used  h e r e .
40
Although t h e  major t h r u s t  o f  t h i s  s t u d y  was to  s tu d y  s o r p t i o n  
p ro c e s s e s  1n r e l a t i o n  to  s o r b a t e  p r o p e r t i e s  and on a v a r i e t y  o f  
s o rb e n t  s u r f a c e s *  a l a rg e  body o f  d a t a  c o n t a i n i n g  a q u i f e r  m a t e r i a l  
c h a r a c t e r I s t l c s  was e s t a b l i s h e d  d u r in g  t h e  work.  S ince t h i s  d a t a  was 
a v a i l a b l e *  i t  seemed a p p r o p r i a t e  t o  s t a t i s t i c a l l y  examine t h e  d a t a  to  
see 1f  1t  was p o s s i b l e  t o  p r e d i c t  s o r p t i o n  based  on s o r b e n t  
p r o p e r t i e s .
A pprop r ia te  s t a t i s t i c a l  t e c h n iq u e  f o r  t h e  s o r p t i o n  and a q u i f e r  
m a t e r i a l  p r o p e r t y  d a t a  was not  o b v io u s .  M u l t i p l e  a n a l y s i s  o f  v a r i a n c e  
te c h n iq u e s  were r u l e d  ou t  because  e s t a b l i s h i n g  s t a t i s t i c a l l y  v a l i d  
v a r i a n c e s  fo r  a l l  c h a r a c t e r i z a t i o n s  per fo rm ed  would be c o s t  
p r o h i b i t i v e .  Sample s ize*  t h a t  1s t o t a l  number o f  a q u i f e r  m a t e r i a l s *  
was l i m i t e d  by t h e  high c o s t  and d i f f i c u l t y  o f  o b t a i n i n g  
r e p r e s e n t a t i v e  a q u i f e r s .  P e t r o l o g i c  and m l n e r a l o g i c  a n a l y s e s  were 
expens ive  and t ime consuming.  L imited  sam pl ing  a l s o  p r e c l u d e s  knowing 
whether  the  o b s e r v a t i o n s  conform t o  normal d i s t r i b u t i o n s .  A ls o ,  many 
o f  t h e  p r o p e r t i e s  an a ly zed  a r e  n o t  s t a t i s t i c a l l y  Independent  v a r i a b l e s  
and may t h e r e f o r e  be c o r r e l a t e d .
Since In fo rm at ion  on s t a t i s t i c a l  t r e a t m e n t  was a b s e n t  1n o t h e r  
p u b l i c a t i o n s  d e a l i n g  w i th  s o r p t i o n  on s u r f a c e  s o i l s  and s e d im e n t s  a s  a 
f u n c t i o n  o f  s o rb e n t  p r o p e r t i e s ,  a p p r o p r i a t e  s t a t i s t i c a l  t e c h n i q u e s  
were I n v e s t i g a t e d .  Dr. J ,D .  Boon I I I  (VIMS* G lo u c e s t e r  P t . *  VA, 
p e r s o n a l  communication) s u g g e s t e d  u s in g  p r i n c i p a l  component a n a l y s i s  
(PCAMDavIs,  1986). This a n a l y s i s  p robes  t h e  d a t a  m a t r ix  o f  s o r p t i o n  
c o e f f i c i e n t s  and so rben t  p r o p e r t i e s  and e s t a b l i s h e s  t h e  number o f  
l i n e a r l y  Independen t  v e c t o r s  t h a t  e x i s t  1n t h e  d a t a  m a t r i x .  Th is  may 
th e n  g ive  a measure of  t h e  redundancy In t h e  o r i g i n a l  d a t a  s e t .
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However,  I n t e r p r e t a t i o n  o f  t h e  p r i n c i p a l  component  lo a d in g s  i s  o f t e n  
d i f f i c u l t  beca use  t h e r e  1s no d i r e c t  p a th  back from t h e s e  components 
t o  t h e  o r i g i n a l  v a r i a b l e s .  That  1s ,  lo a d in g  g iv e s  a measure  o f  th e  
r e l a t i v e  Impor tance  o f  a v a r i a b l e  w i t h i n  a p r i n c i p a l  component ,  bu t  
says  n o t h i n g  ab o u t  t h e  Im por tance  o f  t h e  component  I t s e l f ,  The 
component Is  a l i n e a r  t r a n s f o r m a t i o n  o f  t h e  o r i g i n a l  v a r i a b l e s  th rough  
t h e  e i g e n v e c t o r  o f  t h e  o r i g i n a l  v a r l a n c e - c o v a r l a n c e  m a t r i x ;  t h u s  
d i r e c t  a s s o c i a t i o n  o f  lo a d in g  v a l u e s  w i th  t h e  o r i g i n a l  v a r i a b l e s  Is 
i m p o s s i b l e .  A d i r e c t  r e l a t i o n s h i p  d e s c r i b i n g  s o r b a t e  p r o p e r t y  
v a r i a b l e  r e l a t i o n  t o  s o r p t i o n  c a n n o t  be d e r i v e d  from t h e s e  d a t a  
a n a l y s e s .  N o n e th e l e s s ,  r e s u l t s  from PCA, co u p le d  w i th  some g e n e r a l  
I n s i g h t s  c o n c e rn in g  t h e  p r o p e r t y  v a r i a b l e s ,  h e l p  I n t e r p r e t  t h e  r e s u l t s  
o f  t h i s  s t u d y .
To c o n f i rm  PCA, F o r t r a n  programs and s u b r o u t i n e s  p u b l i s h e d  In
J , C ,  D a v i s '  (1973) t e x tbook  were a d a p te d  t o  ru n  on a computer  u s in g  an
MS-DOS o p e r a t i n g  sy s tem .  To a s s u r e  t h a t  t h e  programs were o p e r a t i n g
c o r r e c t l y ,  d a t a  from a sample p rob lem ,  p u b l i s h e d  1n a l a t e r  e d i t i o n  o f
t h e  t e x t b o o k ,  were run th ro u g h  t h e  PCA, R e s u l t s  were I d e n t i c a l  to
th o s e  In t h e  t e x t ,  The d a t a  were a l s o  run on a n o t h e r  computer  sys tem
TM
t h r o u g h  PCA on STAT 80 (G raph ic  User Sys tems ,  I n c , ,  Santa  C l a r a ,
CA), a s t a t i s t i c s  p a c k a g e ,  a g a i n  w i th  I d e n t i c a l  r e s u l t s .
RESULTS
1, S o r p t i o n  on Oxide M in e ra l s
Alumina ( A l ^ )  and G l b b s i t e  (Al[OHJ3 ) so rbed  sm al l  q u a n t i t i e s  
o f  a l l  s o r b a t e s .  Table I shows t h e  e q u i l i b r i u m  pH and s o r p t i o n
c o e f f i c i e n t  (K) f o r  Isotherms n o t  a d j u s t e d  1n pH. I s o t h e r m s  had l i n e a r
2
r e g r e s s i o n  c o e f f i c i e n t s  (R ) from 0 . 6  t o  0 . 9  w i th  K v a l u e s  r a n g in g  from 
0,1 t o  0 .4  ( L / k g ),  K v a lu e s  o b t a i n e d  f o r  TCE on A l^ O p  w i t h  NaClO^ 
added p r i o r  to  e q u i l i b r a t i o n  t o  a d j u s t  t h e  s o l u t i o n  I o n i c  s t r e n g t h  t o  1 . 0  
M, were not  s i g n i f i c a n t l y  l a r g e r  t h a n  t h o s e  In Table I .  T a b l e  II  shows 
th e  e f f e c t s  o f  v a ry in g  pH on t h e  K v a lu e s  f o r  A l , ^ *  A1(DH)3 * and 
FeO(OH) ( g o e t h i t e ) .  L i t t l e  change  1n K w i th  pH was n o te d  f o r  o x i d e s  
ex c e p t  g o e t h i t e .
G o e t h i t e  sorbed  c o n s i d e r a b l y  more o f  a l l  s o r b a t e s  a t  u n a d j u s t e d  pH 
than  d i d  the  aluminum o x id e s .  Varying th e  pH caused  an o r d e r  o f  
m agn i tude  change In s o r p t i o n  o f  NAPH and PCP by  g o e t h i t e  (T a b le  n ) .  TCE 
was p o o r l y  sorbed  r e l a t i v e  to  t h e  o t h e r  s o r b a t e s  shown. There  i s  an 
a p p a r e n t  t r e n d  t h a t  I n c r e a s i n g  pH lowers  K v a l u e s ,  e s p e c i a l l y  on g o e t h i t e .  
Appalachee  s o i l  produced t h e  h i g h e s t  K v a l u e s  o f  a l l  s o r b e n t s
p
s t u d i e d ,  rang ing  from a bou t  1,0 t o  £4 ,9  w i th  v e r y  l a r g e  R v a l u e s  
(Tab le I I I ) .  The t r e n d  o f  d e c r e a s e d  s o r p t i o n  w i th  I n c r e a s i n g  pH n o t e d  
w i th  g o e t h i t e  was a l s o  noted  f o r  t h e  A ppalachee  s o i l ,  TCE was s o rb e d  th e  
p o o r e s t ,  whi le  PCP was sorbed th e  b e s t .  Vary ing  the  i o n i c  s t r e n g t h  from 
0 , 0 1  t o  1 . 0  M w i th  NaClO^ had l i t t l e  a f f e c t  on t h e  s o r p t i o n  o f
n a p h t h a l e n e  on s u r f a c e  s o i l  and g o e t h i t e  (T a b le  IV),  F i g u r e  2 shows th e
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TABLE I .  S o r p t i o n  c o e f f i c i e n t s  ( L / k g )  on  o x i d e s  a t  
u n a d j u s t e d  pH .





A 1 pO-i 
Al COHN 
F eO (OH ) 
s i o 2




0 . 2 7  + 0 . 0 6  
2 . 2 7 + 0 . 3 0  
0 . 7 7 + 0 . 1 0
0 . 8 5
0 . 9 8




0 . 1 5 + 0 . 0 7  
0 . 3 6 + 0 . 0 7  









~ Y ~ R Z
A1 p Ot
AIT OR > 3 
FeO(OHT 




0 . 1 3 + 0 . 0 5  
0 . 2 6 + 0 . 0 8  
1 . 4 0 + 0 . 1 1  
NA
0 . 6 3
0 . 7 9




0 . 3 2 + 0 . 1 8  
0 , 3 0 + 0 . 0 9  
0 . 3 2  + 0 . 1 8  
NA
0 . 6 3
0 . 7 9
0 . 5 3
S o r b e n t £H
PCP
~ T R2
A1 p Oq 
A U O H U  
FeO(OH] 
S 1 0 £
7 . 9  0 .  
9 . 7
4 . 3  12 
8 . 2
2 0 + 0 . 0 5
0 0
. 5 + 2 . 0
0 D
f 0 . 8 9  
0 . 9 2
NA, N o t  A n a l y z e d  
BD, B e l o w  D e t e c t i o n
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TABLE I I ,  S o r p t i o n  c o e f f i c i e n t s  (L /k g )  on AljOs*  AHOH3 ) ,  and FeO(OH) 
a t  d i f f e r e n t  pH.
S o r b e n t pH
NAPH
K r 2 pH
TCE
K R2
AI2 O3 1 . 8 0 . 1 5 + 0 . 1 2 0 .32 2 . 0 0 .3 1 + 0 .1 0 0.77
8 . 5 0 . 1 5 + 0 .0 7 0 . 6 8 6 . 6 0 .3 2 + 0 .1 8 0.53
12.4 0 . 1 5 + 0 . 1 5 0 . 5 5 11.5 0 .29+0 .12 0.72
A1 ( OH J 3 9 . 0 0 . 3 6 + 0 . 1 0 0 . 8 6 9 . 8 0 .3 0 + 0 .0 9 0.80
FeO(OH) 2 . 7 2 .3 4 + 0 .1 7 0 . 9 8 3 . 0 0 .6 7 + 0 .0 0 0.96
3 ,1 1 ,84+ 0 ,15 0 . 9 7 3 . 7 0 .40+0 .07 0.92
1 2 . 8 0 . 3 4 + 0 . 1 8 0 . 5 8 8 . 5 0 .39+0 .13 0.72
ODCB MNAP
S o r b e n t PH K pH K r 2
A I 2O3 4 . 2 0 .0 7 + 0 .0 6 0 . 3 4 Not measured
6 . 8 0 .1 3 + 0 .0 5 0 . 6 3 Not measured
1 0 . 0 0 .1 8 + 0 .0 3 0 , 9 0 Not measured
A1(0H) 3 9 , 4 0 ,2 6 + 0 .0 0 0 . 7 9 9 . 2  0 .2 7 + 0 .0 6 0.85
FeO(OH) 3 ,5 1 .31+ 0 .08 0 . 9 9 3 . 2  2 .27+0 .25 0.96
7.1 1 .40+0 .11 0 . 9 7 Not measured
1 1 ,5 0 ,3 4 + 0 .0 7 0 . 8 8 Not measured
PCP
S o r b e n t pH K
AI2O3 4 . 2 4 , 1 6 + 0 .3 0 0 .97
7 .9 0.20+05 0.B9
A1 ( OH) 3 9 .7 0
FeO(OH) 1.5 1 5 .3 + 0 .7 0 0 .99
4 . 2
1 0 . 0




TABLE I I I ,  S o r p t io n  c o e f f i c i e n t s  {L /kg)  f o r  f i v e  s o r b a t e s  on 
A ppalachee  s u r f a c e  s o i l  a t  d i f f e r e n t  pH,





Acid NA 3.1 12 .7+0.70 0 .99
Unadjus ted 5 ,5 16 .2+ 1 ,0 0 , 9 9 5 .4 8 ,1 8 + 0 .2 3 0 .99
Base tta 1 1 . 0 2 .7 4 + 1 .1 0 0 . 6 4





A d d 4 ,1 6 ,1 3 + 0 .4 0 0 . 9 9 3 .2 1 .17+0 .10 0 .80
U nadjus ted 6 , 3 5 ,4 0 + 0 .1 2 0 . 9 9 5 .2 0 .7 3 + 0 .2 3 0 . 8 0
Ba se 1 0 . 8 2 ,32+0 .51 0 .92 10.3 0 ,5 8 + 0 .1 8 0 . 7 6
P r e t r e a t m e n t pH
PCP
K R2
A d d NA
U n a d ju s te d 5 .9 2 4 .9+ 1 .0 0 , 9 9
Base TfA
+ one s t a n d a r d  d e v i a t i o n  o f  t h e  mean 
K v a lu e s  a r e  ave rage  o f  t h r e e  I so the rm  d e t e r m i n a t i o n s  
NA, Not Analyzed
TABLE IV. S o r p t io n  c o e f f i c i e n t s  (L/kg) f o r  NAPH a t  
t h r e e  Ion ic  s t r e n g t h s .
IONIC STRENGTH K R2
Appalachee  s o i l
1.0 M 7 .6 7 + 0 .4 4  0 . 9 9
0.1  M 6 .7 3 + 0 .6 7  0 .97
0.01 M 6 .3 1 + 0 .3 2  0 . 9 9
G o e th i t e
1.0 M 1 .16+0 .13  0 .97
0.1  M 1 .15+0 .19  0 . 9 3
0.01 M 0 . 9 9 + 0 .1 6  0 . 9 3


















0.0  0.5 0  1 2.0  2.5  3.0
SOLUTION CONCENTRATION (m g /L )
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I s o th e r m s  o f  NAPH on g o e t h i t e  a t  t h e  t h r e e  I o n i c  s t r e n g t h s  s t u d i e d .
Organ ic  ca rbon  c o n c e n t r a t i o n s  f o r  t h e  o x i d e s  were v e r y  low
(<0 .051!)(T ab le  V}. The s u r f a c e  s o i l  TOC was much h i g h e r  a t  1.40%.
2 2S p e c i f i c  s u r f a c e  a r e a s  ranged from 9 .4  m /g  t o  19 .6  m / g .  G o e t h i t e ,  
which had t h e  h i g h e s t  K v a lu e s  o f  a l l  o x i d e s ,  had t h e  lo w e s t  s p e c i f i c  
s u r f a c e  a r e a .  The s o i l  sample had a s u r f a c e  a r e a  s i m i l a r  t o  the  o x id e s*  
but  to ok  up much g r e a t e r  amounts o f  a l l  s o r b a t e s .
F iv e  r e p l i c a t e  I so the rm s  a t  u n a d j u s t e d  pH were measured f o r  MNAP 
u s in g  g o e t h i t e .  Exper im en t s  were conducted  o v e r  a one month p e r i o d  t o  
d e m o n s t r a t e  t h e  r e p l i c a b i l i t y  o f  K v a l u e s .  The a r i t h m e t i c  mean s o r p t i o n  
c o e f f i c i e n t  was 2 .31 (L/kg)*  w i th  a s t a n d a r d  d e v i a t i o n  o f  0 . 2 8 ,  g i v i n g  a 
c o e f f i c i e n t  o f  v a r i a t i o n  o f  12%. Iso therms d e te rm in e d  in  t h i s  s t u d y  were 
l i n e a r  a t  t h e  s o r b a t e  c o n c e n t r a t i o n s  used* which g e n e r a l l y  ranged  from 
0.001  t o  1.0 mg/L, t h e r e b y  a l l o w in g  comparison o f  s o r p t i o n  c o e f f i c i e n t s  
among t h e  o x i d e  m i n e r a l s ,  c l ays*  and a q u i f e r  m a t e r i a l s .
S e v e r a l  r e p l i c a t e  Iso therms were measured  on SiO^ w i th  the  more 
s t r o n g l y  adso rbed  s o r b a t e s .  PCP was p o o r ly  so rbed  on SIO^ and MNAP was 
so rbed  b e t t e r  on SIO^ th a n  on aluminum ox ides*  b u t  n o t  as  w e l l  as  on 
g o e t h i t e  (Tab le  1 ) .  S in c e  S10^ was a r e l a t i v e l y  I n a c t i v e  s u r f a c e ,  1t 
was n o t  i n v e s t i g a t e d  f u r t h e r .
2 .  S o r p t i o n  on C lay  M inera l s
Tab le  VI shows t h e  K va lues  f o r  f i v e  s o r b a t e s  on k a o l l n l t e  a t  n e u t r a l  
and a c i d  pH and w i th  i o n i c  s t r e n g t h  a d ju s tm e n t  t o  0 , 6  M NaCl,  PCP gave 
th e  h i g h e s t  s o r p t i o n  c o e f f i c i e n t s .  Since t h e  s t a n d a r d  d e v i a t i o n s  o f  t h e  
means o v e r l a p  be tween a d j u s t e d  and u n a d j u s t e d  e x p e r im e n t s  a t  t h e  pH and 
i o n i c  s t r e n g t h  s t u d i e d *  e f f e c t s  o f  v a r i a t i o n  in  pH o r  I o n i c  s t r e n g t h  
c o u ld  n o t  be d e m o n s t r a t e d  f o r  MNAP o r  PCP. Under u n a d j u s t e d  pH
TABLE V* S e l e c t e d  p h y s i c a l  and chemical  p r o p e r t i e s  o f  
s o i l  and m inera l  s o r b e n t s .
S u r face  Area
S o r b e n t TOC CEC BET Glyco l
% meq/ 1 0 0  g m^/g m^/g
A I 2O3 0 ,0024+0.0015 NA 19,6 NA
A1(0H)3 <0 . 0 1 * NA 11.9 NA
FeO(QH) 0,055+0 .0020 NA 9,4 NA
K a o l in 0 ,017+0 .002 2 . 0b 10. l b NA
Na-Mont. 0 ,0239+0,0012 76.4^ 3 1 ,8 + 0 .? b 662b
Ca-Mont. 0 ,0230+0.001 120b 9 7 ,4 + 0 .6 b 8 20b
B arasyn <0 . 0 1 14Qb 133 .7+0 .7b NA
A p p a lac h ee  1 .40 18.6 11, B NA
NA* Not A nalyzed ;  CEC, Cat ion  Exchange C a p a c i ty ;  BET, 
B r u n a u e r ,  Emmett,  and T e l l e r .  
a D ata  s u p p l i e d  by  Alcoa 
b D ata  from van Olphen and F r l p l a t  (1979)
TABLE VI. S o rp t io n  c o e f f i c i e n t s  (L /kg)  f o r  f i v e  s o r b a t e s  on 
k a o l i n  a t  v a r i o u s  pH and 1on1c s t r e n g t h s .
MNAP NAP
C o n d i t io n pH K R2 pH K
U nad jus ted 4 .9 0 .5 3 + 0 .1 1 0 . 8 8  5.2 N11
0 .6  H NaCl 4 .2 0 .3 2 + 0 .1 2 0 .6 5 NA
A d d 3 .9 0 .3 4 + 0 .0 5 0 .9 6 NA
ODCB TCE
C o n d i t io n pH K RZ pH K R2
U nad jus ted 5,1 0 .1 5 + 0 .0 9 0 ,4 6 5.1 0 .1 4 + 0 .0 6 0,61
0 .6  M NaCl NX NX
A d d NA 3,5 0 .4 7 + 0 .2 6 0 .93
PCP
C o n d i t io n pH K R2
U nad jus ted  5 ,4  1.76+0.54  0 .93
0,6 M NaCl 5 , 2  2 .0 8 + 0 .0 8  0.9B
A d d  3 .1  1 ,47+ 0 .10  0.9B
+ one s t a n d a r d  d e v i a t i o n  o f  t h e  mean 
£  v a l u e s  a r e  ave ra ges  o f  t h r e e  I s o th e rm  d e t e r m i n a t i o n s  
NA, Not Analyzed
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c o n d i t i o n s ,  MNAP was so rbed  b e t t e r  than  NAPH* ODCB, and TCE. ODCB* TCE,
p
and NAPH had K v a l u e s  r a n g in g  from nea r  0 t o  0 .1 5  w i th  low R , 
i n d i c a t i n g  t h e s e  compounds were p o o r ly  sorbed by k a o l l n l t e .
The K v a l u e s  fo r  f i v e  s o r b a t e s  on two s t a n d a rd  m o n t m o r i l I o n i t e  c l a y s  
and on the  s y n t h e t i c  montmor l11on1te ,  b a r a s y n ,  a r e  shown 1n Tab le  VII .  
Ca-montmor11 I o n i t e  sorbed  much l e s s  than  e i t h e r  N a - m o n tm o r l l I o n i t e  or 
b a r a s y n .  In g e n e r a l *  s o r p t i o n  c o e f f i c i e n t s  were f i v e  t o  t e n  t i m e s  le s s  
f o r  t h e  C a - s u b s t i t u t e d  c l a y  than  the  N a - s u b s t l t u t e d  c l a y .  Na-mont- 
m o r l l I o n i t e  and ba rasyn  behaved s i m i l a r l y ,  and d i f f e r e n c e s  In K v a l u e s  
were no t  d e t e c t a b l e ,  as  I n d i c a t e d  by o v e r l a p  o f  t h e i r  s t a n d a rd  d e v i a t i o n s  
w i th  each s o r b a t e .  A d d i t i o n  o f  NaCl t o  barasyn  t o  produce  the  0 . 6  M NaCl 
s o l u t i o n  used In t h e  Na-montmor 11 I o n i t e  measurements d id  not  
s i g n i f i c a n t l y  change K v a l u e s  r e l a t i v e  t o  u n a d ju s t e d  b a ra s y n  v a l u e s .
All  m o n t m o r i l I o n i t e s  showed the  fo l lo w in g  o r d e r  o f  s o r p t i o n ;  
MNAP>ODCB>NAPH>TCE. PCP was p o o r l y  sorbed  on the  N a - m o n t m o r i l I o n i t e .
The m o n t m o r i l I o n i t e s  s o rbed  r e l a t i v e l y  more when compared to  k a o l l n l t e  
e x c e p t  f o r  PCP which so rbed  b e t t e r  on k a o l l n l t e ,  R v a l u e s  were v e ry
l a r g e  f o r  bo th  N a-m on tm or1 l Ion i t e  and barasyn*  a v e r a g i n g  Q.9B,
2
C a -m o n tm o r i l I o n i t e  R v a l u e s  were somewhat sm al le r*  n e a r  0 , 7 ,
+3 +2Al and Ca s a t u r a t e d  montmoril  I o n i t e s  were used  t o  
I n v e s t i g a t e  t h e  e f f e c t  o f  c a t i o n  s u b s t i t u t i o n  on s o r p t i o n  o f  NAPH and 
MNAP, C a - s u b s t i t u t i o n  lowered  th e  K va lue  f o r  MNAP from 1.72 + 0 .2 3  f o r  
Na-montmor11I o n i t e  t o  1 ,3 2 + 0 ,0 7 ,  A l - s u b s t 1 t u t i o n  caused  much g r e a t e r  
change 1n s o r p t i o n :  K f o r  MNAP In c re a s e d  from 1 .72+0 .23  t o  3 , 5 6 ^ 0 , 1 8  and 
f o r  NAPH from 0 ,85+0 ,07  t o  1 ,45+0 ,11 ,  The Al+^ s u b s t i t u t i o n  n e a r l y  
doubled  the  s o r p t i o n  o f  t h e  compounds u s e d ,  with  r e g r e s s i o n  c o e f f i c i e n t s  
f o r  MNAP and NAPH on A l - s u b s t 1 t u t e d  montmorl1 I o n i t e s  o f  0 .9 9  and 0 . 9 8 ,
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TABLE V II .  S o r p t io n  c o e f f i c i e n t s  of  n o n p o la r  s o r b a t e s  on s t a n d a r d  
m o n t m o r i l I o n i t e  c l a y s  In Ca and Na forms and on t h e  









Barasyn ( 0 . 6  M)
0 .4 1 + 0 .1 2  
1 ,72+0.23  






0 .0 7 + 0 ,0 0
0 .8 5 + 0 .0 7

















0 ,1 2 + 0 .1 7  
0 . 66+0.02 




+ one s t a n d a r d  d e v i a t i o n  o f  t h e  mean
IT v a lu e s  a r e  a v e ra g e s  o f  t h r e e  I so therm  d e t e r m i n a t i o n s
All  Na-Mont. I so the rm s  run in 0 . 6  M NaCl
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r e s p e c t i v e l y ,  i n d i c a t i n g  r e l i a b l e  da ta*
MNAP was s o rbed  from 0 .6  M NaCl s o l u t i o n s  on s e l e c t e d  m i x t u r e s  o f  
g o e t h i t e ,  b a r a s y n ,  and Na-montmorl1 I o n i t e  {Table V I I I ) .  Data f o r  t h e  
I n d i v i d u a l  s o r b a t e s  has been used  t o  i n v e s t i g a t e  t h e  d e g re e  to  which 
s o r p t i o n  on m i x t u r e s  1s r e l a t e d  by a d d i t i v e  l i n e a r  c o m b in a t io n s  t o  
s o r p t i o n  o r  I n d i v i d u a l  s o r b e n t s .
K a o l l n l t e ,  C a - m o n t m o r l l l o n l t e ,  and N a - m o n tm o r i l I o n i t e  had low 
o r g a n i c  ca rbon  c o n t e n t s  (Tab le  V). Na-montmorl1I o n i t e  c o n t a i n e d  about  
the  same amount o f  o r g a n i c  ca rbon a s  t h e  Ca-montmorl1 I o n i t e .  The 
s y n t h e t i c  m on tm or l1 I o n i t e ,  b a r a s y n ,  c o n t a i n e d  no d e t e c t a b l e  o rg a n ic  
ca rb o n .  S u r fa c e  a r e a  and c a t i o n  exchange  c a p a c i t y  were s m a l l  f o r  the
2 - l a y e r  c l a y  and much g r e a t e r  f o r  t h e  expand ing  c l a y s .  Barasyn  had the  
h i g h e s t  CEC and s u r f a c e  a r e a  o f  t h e  m o n t m o r i l I o n i t e s  u sed .
Ca-montmor11 I o n i t e  e x h i b i t e d  I n t e r m e d i a t e  CEC and s u r f a c e  a r e a  v a l u e s .
3,  S o r p t i o n  on A q u i f e r  M a t e r i a l s
K v a l u e s  f o r  MNAP on the  v a r i o u s  a q u i f e r  m a t e r i a l s  r a n g e  from 0 .4  to  
2
3 . 0 ,  w i th  R v a l u e s  n e a r  u n i t y ;  K v a l u e s  f o r  ODCB were l e s s  than  th ose  
o f  MNAP f o r  a l l  a q u i f e r  m a t e r i a l s  s t u d i e d  (T ab le  IX).  ODCB K va lues  
r anged  from 0 . 1  t o  1 , 3  w i th  good r e g r e s s i o n  c o e f f i c i e n t s ,  a l t h o u g h  
somewhat lower th a n  t h o s e  f o r  MNAP.
Based on t h e  s o r p t i o n  I so the rm s  f o r  MNAP, ODCB, and NAPH on Borden 
s i t e  a q u i f e r  m a t e r i a l ,  i t  Is c l e a r  t h a t  ODCB and NAPH were ta k en  up to  
n e a r l y  the  same e x t e n t  by t h e  Borden a q u i f e r  m a t e r i a l  ( F i g u r e  3 ) .  From 
t h e  lack o f  c u r v a t u r e  shown by t h e s e  r e p r e s e n t a t i v e  I s o th e r m s ,  I t  i s  a l s o  
a p p a r e n t  t h a t  the  c h o i c e  o f  a l i n e a r  s o r p t i o n  model 1s a p p r o p r i a t e .  In 
c o n t r a s t ,  s o r p t i o n  i s o th e rm s  f o r  TCE, ODCB, and MNAP on T in k e r  a q u i f e r  
m a t e r i a l  d i f f e r  1n s lo p e  (F ig u re  4)  which i n d i c a t e s  t h a t  t h e s e  t h r e e
TABLE V I I I .  KNAP K v a l u e s  (L /kg)  f o r  s o r b e n t  m i x t u r e s .
Sorbent  M ix tu res pH K R2
1.0 g G oe th1 te+1 ,0  g Na-Mont, 7.4 2 .7 5 + 0 .2 5 0 . 9 9
1,5 g G o e th l t e + 0 .5  g B ara syn 4 . 2 2 . 3 7 + 0 . 3 0 0 ,9 9
1.0 g G oe th1 te+ l .O  g Barasyn 4 . 5 2 . 1 5 + 0 .0 7 0 . 9 9
0 .5  g G o e th 1 t e + l .5  g B ara syn 4 . 6 2 . 0 1 + 0 .1 3 0 ,9 8
3 .0  g G o e th i t e 3 . 2 2 . 2 7 + 0 .2 5 0 . 9 6
2,0  g Barasyn 5,1 1 .8 2 + 0 .1 9 0 . 9 8
2 . 0  g Na-Mont. 7 .4 K 72+0 .23 0 . 9 7
K v a lu e s  a r e  a v e ra g es  o f  t h r e e  I s o th e rm s  + one s t a n d a r d  
d e v i a t i o n  o f  the  mean
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TABLE IX. S o r p t i o n  c o e f f i c i e n t s  {L/kg) f o r  MNAP and ODCB on a q u i f e r  
m a t e r i a l s .
A q u i fe r
M a t e r i a l MNAP ODCB
K K R2
T in k e r 0 . 4 4 + 0 .0 3 0 . 8 6 0 .1 0 + 0 .0 5 0 .73
C arsw e l l 0 . 4 5 + 0 .0 6 0 . 8 8 0 ,1 8 + 0 .0 6 0 .84
B ark s d a le 0 . 9 6 + 0 .1 9 0 .9 8 0 ,30+0 .05 0.91
B ly th e v 1 1 le 3 . 0 6 + 0 .2 0 0 .9 8 1.28+0.14 0 .97
T r a v e r s e  C i t y 0 .7 6 + 0 .0 4 0 .97 0 .36+0 .04 0 .94
Borden 0 .6 5 + 0 ,0 6 0 .95 0 .30+0 .04 0 . 8 8
Lula 0 .5 1 + 0 .1 5 0 .95 0 .14+0 .09 0 . 7 0
K v a l u e s  a r e  a v e r a g e s  of  t h r e e  I s o th e rm  d e t e r m i n a t i o n s  
+ v a l u e s  a r e  one s t a n d a r d  d e v i a t i o n  o f  t h e  mean
56
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s o r b a t e s  a r e  r e t a i n e d  t o  q u i t e  d i f f e r e n t  e x t e n t s .  The d i f f e r e n c e  1n 
r e t e n t i o n  p r o p e r t i e s  o f  v a r i o u s  a q u i f e r  m a t e r i a l s  Is  e s p e c i a l l y  c l e a r  f o r  
TCE s o rbed  on t h r e e  d i f f e r e n t  a q u i f e r  m a t e r i a l s  which r e s u l t e d  1n t h r e e  
d i s t i n c t  K v a l u e s  { F ig u re  5 ) .
The a q u i f e r  m a t e r i a l s  d i f f e r e d  c o n s i d e r a b l y  In p e r c e n t a g e  TOC, CEC, 
and s p e c i f i c  s u r f a c e  a r e a s  (T a b le  X). O rg a n ic  ca rbon  c o n c e n t r a t i o n s  were  
g e n e r a l l y  q u i t e  low, 0.G3* o r  l e s s ,  e x c e p t  f o r  t h e  B a r k s d a l e  and 
B l y t h e v i l l e  a q u i f e r  m a t e r i a l s ,  which had TOC g r e a t e r  t h a n  0 , 1 * .  C a t io n  
exchange c a p a c i t i e s  ranged from 6 (Lula  m a t e r i a l )  t o  32 meq/100 g 
( B a r k s d a l e  m a t e r i a l ) .  Samples w i th  h igh sand  c o n t e n t s  u s u a l l y  had  low
CEC. S p e c i f i c  s u r f a c e  a r e a s  f o r  t h e  a q u i f e r  s o r b e n t s  w e re  low when
2
compared t o  c l a y s  and s u r f a c e  s o i l ,  r a n g i n g  f rom 0 , 2  t o  1 1 . 8  m / g .
2
Most o f  t h e  a q u i f e r  m a t e r i a l s  had s u r f a c e  a r e a s  o f  7 - 9 . 5  m / g ,  b u t  t h e
two g l a c i a l  t i l l  samples  from Borden and T r a v e r s e  C i t y  w e re  v e r y  low*
2
n e a r  0 , 2  m / g .
A q u i f e r  m a t e r i a l s  t e x t u r e ,  p e r c e n t a g e  i r o n ,  and p e r c e n t a g e  2 -  and
3 - l a y e r  c l a y s  v a r i e d  c o n s i d e r a b l y  (Tab le  XI ) .  Most o f  t h e  samples a r e  
q u i t e  h igh  In sand c o n t e n t*  and th e  c l a y  s i z e  f r a c t i o n  1 s g e n e r a l l y  5* o r  
l e s s  o f  t h e  s am p le .  The p e r c e n t a g e  3 - l a y e r  c l a y  ranged  f rom below 
d e t e c t i o n  l i m i t s  t o  9 . 0 ,  Tw o- laye r  c l a y  c o n t e n t s  were a b o u t  o n e - h a l f  
t h o s e  f o r  3 - l a y e r  c l a y s .  T o ta l  i r o n  p e r c e n t a g e s  were f ro m  0 .3  f o r  
T r a v e r s e  C i t y  t o  2 . 9  f o r  L u l a .  Even though  I ro n  o x i d e s  a n d  c l a y s  a r e  n o t  
a b u n d a n t ,  they  tend  to  be w i d e l y  d i s t r i b u t e d  a s  c o a t i n g s  on the  a q u i f e r  
m a t e r i a l s  a s  n o te d  in m i c r o s c o p ic  e x a m i n a t i o n .  In t h e  T i n k e r  m a t e r i a l *  
f o r  example ,  t h e  q u a r t z  g r a i n s  a r e  v a r i a b l y  c o a t e d  wi t h  i r o n  o x i d e ;  25* 
o f  t h e  g r a i n s  a r e  g r e a t e r  than  2 / 3  c o a t e d ,  and 50* have  1 /3  t o  2 / 3  o f  
t h e i r  s u r f a c e  c o a t e d .  I ron  o x id e  c o a t i n g s  were found t o  some e x t e n t  on
59
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TABLE X* P e r c e n ta g e  TOC, CEC, and s p e c i f i c  s u r f a c e  
a r e a  o f  a q u i f e r  m a t e r i a l s .
A quife r
M a te r i a l TOC CEC S u r fa c e  Area
% meq/lQOg mZ/g
Tinker 0 ,0096+0.0003 20.9 9 .2+0 .1
Carswe! 1 0 ,0266+0,0010 8 . 0 9 .5+0 .1
Barksda le 0 .1054+0.006 32.4 7.5+0.1
B l y t h e v i 1 le 0 .156+0 ,004 18.1 8 .0+0 .1
Trav .  C i t y 0 .0113+0,003 14.4 0 .2+ 0 .0
Borden 0.0155+0,0021 NA 0 .3 + 0 .0
Lula 0 .0201+0.0004 6 .3 11.6+0.1
TOC, a v e ra g e  o f  f o u r  d e t e r m i n a t i o n s ,  + one s t d ,  dev .  
S u r face  a r e a ,  ave rage  o f  t h r e e  d e t e r m i n a t i o n s ,  + one 
s t d .  d e v .
NA, Not Analyzed
TABLE XI. A q u i f e r  m a t e r i a l  t e x t u r e  a n a l y s i s ,  c l a y  
m i n e r a l o g y ,  and I ro n  c o n t e n t .
A q u i f e r
M a t e r i a l Sand Clay S1 I t
■%
T in k e r 4 0 . 8 4 . 7 53.1
C a r s w e l1 7 4 . B NR 18.2
B a r k s d a l e 5 2 .3 NR 41 .5
B l y t h e v l 1le 6 7 ,8 3 . 5 27 .3
T r a v e r s e  C i t y 9 0 .2 NR 1.1
Borden 9 6 ,0 2 . 0 2 . 0
Lula 9 1 ,0 3 . 4 5.6
A q u i f e r
M a t e r i a l 2 - l a y e r  Clay 3 - l a y e r  Clay Iron
*
T in k e r 9 . 0 0 . 8 1.4
C arsw e l l 1.5 4 . 5 0 .9
B a rk s d a le 2.1 4 . 9 1.0
B l y t h e v l l i e 1.2 5 . 0 0 . 7
T r a v e r s e  C i t y <0.1 <0.1 0 . 3
Borden <0.1 <0.1 1.5
Lula 0 .6 1.7 2.9
NR, None R e ta in e d
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a l l  a q u i f e r  m a t e r i a l s .  C lays  were a l s o  fo u n d  a s  p a r t i c l e  c o a t i n g s  
sometimes 1n c o n j u n c t io n  w i t h  t h e  i ron  o x i d e s .  The r e l a t i v e l y  s m a l l  
amounts  o f  both t h e  c l ay s  and I ro n  ox ides  m us t  be c o n s i d e r e d  In r e l a t i o n  
t o  t h e i r  p resence  on s u r f a c e s  o f  o t h e r  m i n e r a l s ,  s i n c e  t h i s  c o a t i n g  i s  
e n c o u n t e r e d  by t h e  s o r b a t e .
K v a lu e s  f o r  MNAP v ary  by a f a c t o r  o f  t h r e e  o v e r  a depth  p r o f i l e  on 
C a r s w e l l  m a t e r i a l  (Tab le X U ) .  Although t h e r e  a p p e a r s  t o  be a g e n e r a l  
d e c r e a s e  o f  K with  d e p th ,  e s p e c i a l l y  From Zone #3 t o  Zone #6, t h e  upper  
two zones do not  fo l low  the  t r e n d .  Zone #2 a p p e a r s  t o  have t h e  h i g h e s t  K 
v a l u e  in the  e n t i r e  p r o f i l e .  O rgan ic  ca rbon  c o n t e n t  v a r i e d  by  a f a c t o r  
o f  f o u r  o ve r  the  dep th  p r o f i l e  w i th  the  lo w e s t  c a rb o n  c o n t e n t  o c c u r r i n g  
in  t h e  d eep e s t  zone.  Zone #2 a l s o  appea red  t o  have th e  h i g h e s t  o r g a n i c  
c o n t e n t ,  with  a g e n e ra l  d e c r e a s e  a p p a r e n t  f r o m  Zone #3 t o  Zone #6 .
I n s p e c t i o n  o f  the  r e s u l t s  o b t a i n e d  by I n c r e a s i n g  t h e  s o r b a t e  
c o n c e n t r a t i o n  r ange  from t h e  0 .0 0 1 -1  mg/L r a n g e  to  t h e  0 . 4 - 1 0  mg/L ra n g e  
f o r  MNAP on Carswel l  a q u i f e r  m a t e r i a l ,  show t h e  K v a l u e  i s  i n v a r i a n t  
w i t h i n  e x p e r im e n ta l  e r r o r  o v e r  t h i s  range  (T a b le  XU I ) .  The e x p e r i m e n t s  
were  r e p e a t e d  on Tinker  a q u i f e r  m a t e r i a l ,  e x t e n d i n g  t h e  MNAP 
c o n c e n t r a t i o n  from 0 .7 -16  mg/L,  nea r  h a l f  MNAP s a t u r a t i o n  in  w a t e r ,  
w i t h o u t  s i g n i f i c a n t  d ec re a se  In K v a l u e .
MNAP Iso therms were measured on C a rsw e l l  a q u i f e r  m a t e r i a l  w i th  QDCB 
used  a s  a c o m p e t i t i v e  s o r b a t e  a t  a c o n s t a n t  c o n c e n t r a t i o n  o f  1,5 mg/L. 
R e s u l t i n g  ave rage  K va lues  were s i m i l a r  t o  t h o s e  from s i n g l e  s o r b a t e  
I s o t h e r m s .  In a n o t h e r  s e t  o f  e x p e r i m e n t s ,  i s o th e r m s  o f  0DCB on C a rs w e l l  
a q u i f e r  m a t e r i a l  were measured in  t h e  p r e s e n c e  o f  25 mg/L MNAP. The 
r e s u l t i n g  K f o r  QDCB was s i m i l a r  t o  s i n g l e  s o r b a t e  K, I n d i c a t i n g  an 
a b s e n c e  o f  c o m p e t i t i v e  I n t e r a c t i o n s  under t h e s e  c o n d i t i o n s .
TABLE X II ,  MNAP K v a l u e ,  OC, and s u r f a c e  a r e a  v a r i a t i o n  w i th  
d e p t h  f o r  C a r s w e l l  a q u i f e r  m a t e r i a l .
Depth K Value OC S u r f a c e  Area
m L/kg % m^/g
1 . 3 - 1 . 7 0 .53+0 .14 0.0503+0 .008 5 .0 + 0 ,0 3
1 . 7 - 2 . 7 0 .73+0 .06 0 .0512+0 .002 12 .7+0 .10
3 . 7 - 3 . 1 0 .57+0 .05 0 .0533+0 .003 16 .4+0 .10
3 , 1 - 3 , 7 0 .29+0 .04 0 .0318+0 .004 11 ,7+0 ,07
3 . 7 - 4 . 4 0 .25+0 .01 0 .0297+0 .002 10 .8+0 .06
4 . 4 - 5 . 4 0 . 2 5 + 0 . OB 0.0131+0 .002 3 .5 + 0 .0 3
K v a l u e s  a r e  ave ra ges  o f  t h r e e  d e t e r m i n a t i o n s ,  + s t d .  dev .  
OC v a l u e s  a r e  a v e ra g e s  o f  f o u r  d e t e r m i n a t i o n s ,  + s t d .  dev .
TABLE X I I I .  Comparison o f  a q u i f e r  K v a lu e s  a t  d i f f e r e n t  
c o n c e n t r a t i o n  ranges  f o r  MNAP.
A q u i f e r  M a t e r i a l__ C o n c e n t r a t i o n  ra n g e  K
mg/L L/kg
C ars w e l l  0 . 0 0 1 - 2 . 0  0 .45+0 .06
C ars w e l l  0 . 4 - 1 0 . 0  0 .40+0 .05
T i n k e r  0 . 0 0 1 - 2 . 0  0 ,44+0 .03
T i n k e r  0 . 7 0 - 1 5 , 0  0 .47+0.03
DISCUSSION
D i v i s i o n  o f  the  K v a l u e s  by the  f r a c t i o n  o f  o r g a n i c  carbon in  t h e  
s u r f a c e  s o i l  sample g i v e s  a Kqc f o r  NAPH o f  505 and  f a r  CDCB of  385.
The Kqc f o r  NAPH found h e r e  Is  lower t h a n  t h e  v a l u e  o f  1300 r e p o r t e d  by 
K a r i c k h o f f  e t  a l ,  (1979) .  In c o n t r a s t ,  t h e  Kqc f o r  ODCB 1s h ig h e r  t h a n  
the v a l u e  o f  186 r e p o r t e d  by  Chlou e t  a l .  ( 1 9 8 3 ) ,  These d i f f e r e n t  v a l u e s  
may r e f l e c t  d i f f e r e n c e s  1n s o i l  o rg an ic  m a t t e r .  Koc depends  on t h e  
method o f  o r g a n i c  carbon d e t e r m i n a t i o n ;  t h e r e f o r e  the  d i f f e r e n c e s  from 
r e p o r t e d  v a l u e s  may a l s o  be e x p l a i n e d  by  d i f f e r e n c e s  1n t h i s  m easurem en t .  
V a r i a t i o n  1n the o b s e r v e d  K f o r  t h e  s u r f a c e  s o i l  w i t h  pH may be 
a t t r i b u t e d  t o  a number o f  f a c t o r s .  The r e d u c t i o n  o f  K a t  high pH was 
p ro b a b ly  c a u s e d ,  1n p a r t ,  by remova l  o f  humic a c i d  m a t e r i a l s .  Dur ing  
NaOH w ash ing ,  t h e  aqueous  p h a s e  tu rned  d a r k  brown and t h e  r e s u l t i n g  s o i l  
m a t e r i a l  was l i g h t e r  in  c o l o r .  I n c r e a s e d  s o r p t i o n  a t  a c i d  pH was a l s o  
no ted .  P o s s i b l e  causes  f o r  t h i s  I n c r e a s e  may be c hange s  in  oxide  s u r f a c e  
ch a rg e ,  c l a y  s u r f a c e  c h a r g e  o r  c a t i o n  s a t u r a t i o n ,  and changes  in  
f u n c t i o n a l  g roups  of t h e  o r g a n i c  s u b s t a n c e s  (humics)  p r e s e n t .
The sm al l  i n c re a s e  1n s o r p t i o n  c o e f f i c i e n t  found  h e r e  with t h e  
a d d i t i o n  o f  NaClO^ to  i s o t h e r m s  f o r  NAPH on Appalachee s o i l  1s 
a t t r i b u t e d  t o  t h e  " s a l t i n g  o u t "  p r o c e s s .  The s i m p l e s t  e x p l a n a t i o n  1s 
t h a t  i n c r e a s e d  ion ic  s t r e n g t h  d e c r e a s e s  NAPH s o l u b i l i t y  and  d r i v e s  t h e  
d i s p l a c e d  NAPH t o  the s o r b e n t  s u r f a c e  c a u s i n g  t h e  smal l  I n c r e a s e  in  K. 
K a r i c k h o f f  e t  a l ,  (1979) n o t e d  a s i m i l a r  I n c r e a s e  when a d d in g  NaCl t o
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e q u i l i b r i u m  m i x t u r e s  o f  sed im en t  s o r b e n t s  and p y r e n e .
Alumina and g l b b s l t e  took up smal l  amounts o f  a l l  s o r b a t e s .
G ib b s 1 te  was I n c lu d e d  t o  o b s e r v e  p o s s i b l e  s o r p t i o n  changes  t h a t  cou ld  be 
a t t r i b u t e d  t o  d i f f e r e n t  c r y s t a l l i n e  form.  No s i g n i f i c a n t  d i f f e r e n c e  i n  K 
v a l u e s  were a p p a r e n t  a t  u n a d j u s t e d  pH. The e f f e c t  o f  pH on s o r p t i o n  
c o u l d  n o t  be d e m o n s t r a te d  f o r  Al^O^. K v a lu e s  o b t a i n e d  f o r  TCE on 
Al^Oj w i th  NaClO^ added p r i o r  to  e q u i l i b r a t i o n  t o  a d j u s t  the 
s o l u t i o n  I o n i c  s t r e n g t h  to  1.0 M were n o t  s i g n i f i c a n t l y  changed from 
t h o s e  o b t a i n e d  In M1111-Q w a t e r .  The low and s i m i l a r  K v a l u e s  and th e  
r e l a t i v e l y  low R v a l u e s  measured f o r  AlgO^ I n d i c a t e  s o r p t i o n  a t  
t h e  low es t  o b s e r v a b l e  l i m i t  w i th o u t  changing  t h e  l i q u i d  to  s o l i d  r a t i o .  
A l though  t h e  s p e c i f i c  s u r f a c e  a r e a s  f o r  t h e  two aluminum o x i d e s  d i f f e r e d  
by a f a c t o r  o f  two,  t h e r e  was l i t t l e  d i f f e r e n c e  1n t h e  amount o f  s o r b a t e  
t a k e n  up by t h e  two fo rm s .  Schwarzenbach and U e s t a l l  (1981} r e p o r t e d  a K
v a l u e  o f  0 . 9  f o r  p -d 1 c h lo ro b e n z e n e  o n y -A l^ O ^  hav in g  a BET s u r f a c e
2
a r e a  o f  120 m / g .  The m a t e r i a l  used h e r e  was a mix of  90% a - A l ?03
2
and  10% T-Al^O^ w i th  s u r f a c e  a r e a  of  19.6  m / g .  The d i f f e r e n c e  
from t h e  v a l u e s  r e p o r t e d  h e r e  f o r  ODCB, 0 . 1 3 + 0 .0 5 ,  may be due t o  s u r f a c e  
a r e a ,  c r y s t a l  form, o r  s o r b a t e  Isomer d i s s i m i l a r i t i e s .
G o e t h l t e  took up more o f  each s o r b a t e  than  d id  Al^O^, a l t h o u g h  
g o e t h l t e ' s  s p e c i f i c  s u r f a c e  a r e a  1s s m a l l e r .  K v a l u e s  f o r  TCE on 
g o e t h l t e  were n e a r  t h e  d e t e c t i o n  l i m i t ,  whereas a l l  o t h e r  s o r b a t e s  had 
h i g h e r  K v a l u e s .  V a r i a t i o n  o f  t h e  s o l u t i o n  a c i d i t y ,  w i th  co n c o m i ta n t  
a l t e r a t i o n  o f  s u r f a c e  c h a r g e ,  caused  l i t t l e  change  1n K v a l u e s  a t  a c i d  
and n e a r - n e u t r a l  pH, b u t  t h e  K va lue  d e c r e a s e d  a t  a l k a l i n e  pH, S u r f a c e  
c h a r g e  was n o t  measured and t h e  s o l u t i o n  pH s h o u ld  not  be used  t o  
e s t i m a t e  s u r f a c e  c h a r g e .  The s u r f a c e  cha rge  Is d e p e n d e n t  on bo th  t h e
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s o l u t i o n  pH and th e  sum o f  the  c o n t r i b u t i o n s  from p o s i t i v e  and n e g a t i v e  
s u r f a c e  g ro u p s  and p o t e n t i a l  d e t e rm in in g  Ions (Y ar lv  and C ro s s ,  1979). 
Because  t h e  s u r f a c e  charge  Is  dependent  on th e s e  groups  and Io n s ,  
s o l u t i o n  pH measurements a r e  no t  s u f f i c i e n t  t o  d e s c r i b e  t h e  s u r f a c e  
c h a r g e .  S ince  t h e  ze ro  p o in t  o f  charge  f o r  g o e t h l t e  Is  between pH 3,2  
and 6 . 7 ,  b a s i c  s o l u t i o n s  may have produced a n e g a t i v e  s u r f a c e  t h a t  
i n h i b i t e d  s o r p t i o n .
Both t h e  A l ^  and FeOtOH) had some o r g a n i c  m a t e r i a l  a s s o c i a t e d  
w i th  t h e  o x id e s  a s  r e c e iv e d .  The carbon c o n t e n t  o f  Al^O^ was 
c o n s i d e r a b l y  l e s s  than  t h a t  o f  FeG(OH). This  may c o n t r i b u t e  to  t h e  
Al^Oj h a v in g  a lower a f f i n i t y  f o r  the  s o r b a t e s .  <o c  f o r  NAPH 
s o r p t i o n  on both  and FeO(OH) are  c a l c u l a t e d  as 6250 and 3350,
r e s p e c t i v e l y ,  v a l u e s  which a re  much h ig h e r  than  th o s e  r e p o r t e d  by 
K a r i c k h o f f  e t  a l .  (1979) and th o s e  r e p o r t e d  h e r e i n  f o r  s u r f a c e  s o i l .  The 
aluminum o x id e  KQC Is  q u e s t i o n a b l e  s in c e  I t  r e s u l t e d  from d i v i d i n g  a 
sm al l  K v a l u e  n ea r  t h e  d e t e c t i o n  l i m i t  by a smal l  o r g a n ic  ca rbon  c o n t e n t  
number which was a l s o  nea r  the  d e t e c t i o n  l i m i t .  The r e s u l t i n g  e r r o r  in  
Kq c , and t h e  t a c i t  assumption t h a t  a l !  o r g a n i c  ca rbon m a t e r i a l s  so rb  
s i m i l a r l y ,  a r e  ma jor  problems involved  in  the  Koc c o n c e p t .  The Kqc 
c a l c u l a t e d  from d a t a  f o r  g o e t h l t e  g ives  a more b e l i e v a b l e  r e s u l t  because  
r e s u l t i n g  e r r o r s  a r e  r e l a t i v e l y  s m a l l e r .  The NAPH KQC Is  h igh  and may 
I n d i c a t e  t h a t  i t  i s  a com bina t ion  o f  both  m in e ra l  and o r g a n i c  ca rbon  
c o n t r i b u t i o n s  t o  s o r p t i o n .  This  combined e f f e c t  would a l s o  occu r  In th e  
e n v i r o n m e n t ,  s i n c e  n a t u r a l l y  o c c u r r i n g  o x id e s  cou ld  be e x p e c te d  t o  have 
some a s s o c i a t e d  o r g a n ic  ca rbon .
Oxide m i n e r a l s  were s e l e c t e d  because  t h e y  occu r  1n s o i l s ,  s e d im e n t s ,  
and a q u i f e r  m a t e r i a l  and a re  s t r u c t u r a l  s u b u n i t s  in  c l a y s .  Abraded c l a y
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m i n e r a l s  can produce oxide s u r f a c e s  a t  edge s i t e s  and b roken  p l a t e s  which 
somewhat resemble the  oxides  s t u d i e d  h e r e .  Envi ronmenta l  w e a th e r in g  and 
d i a g e n e s i s  would a l t e r  the  edge s i t e s  and b roken  p l a t e s  so t h e y  would no t  
n e c e s s a r i l y  be t h e  same com pos i t ion  as the  p u re  metal  o x id e s  s t u d i e d  
h e r e .  These s i t e s  prov ide s u r f a c e s  on which chemica l  p o l l u t a n t s  may s o r b .
S o rp t ion  on t h e  s m e c t i t e s  and k a o U n i t e  showed the  a n t i c i p a t e d  
g e n e r a l  t r en d  of  In c re a s in g  K v a l u e  with  I n c r e a s i n g  m o le c u la r  s i z e  o f  t h e  
s o r b a t e .  Water s o l u b i l i t y  (Tab le  XIV f o r  s e l e c t e d  p h y s i c a l  and chem ical  
p r o p e r t i e s  of  s o r b a t e s )  does n o t  e x p l a in  t h i s  s o r p t i o n  o r d e r  b e c a u se  MNAP 
and NAPH have n e a r l y  s i m i l a r  s o l u b i l i t i e s *  b u t  were sorbed  q u i t e  
d i f f e r e n t l y .  TCE, which 1s v e r y  s o lu b le  ( a p p r o x im a te ly  1100 mg/L),  
so rbed  to  the  same e x t e n t  on t h e  expanding c l a y s  as did  NAPH* which Is 30 
t imes  le s s  s o l u b l e .  QDCB, f o u r  t imes more s o l u b l e  than  NAPH, p roduced  
s i m i l a r  K 's .
Molecular  po l a r i  z a b l 11 t i e s  dec re ase  In t h e  fo l lo w in g  o r d e r ;  MNAP> 
NAPH>ODCB>TCE. S ince  s o r b a t e s  a r e  taken  up 1n a s i m i l a r  o r d e r ,  I t  
a p p ea r s  t h a t  t h e r e  1s a t r e n d  o f  h ighe r  K w i th  h ig h e r  p o l a r l z a b l l l t y ,  In 
c o n t r a s t  s o rb a te  permanent d i p o l e  moments show no r e l a t i o n  t o  K v a l u e .  
D ipo le  moments o f  t h e  s o r b a t e s  d i f f e r e d  by a f a c t o r  of  10, w i th  MNAP, th e  
b e s t  so rbed ,  having  the lowest  d i p o l e  moment e x c e p t i n g  NAPH, w i th  ze ro  
d i p o l e  moment. QDCB had i n t e r m e d i a t e  K v a lu e s  and t h e  h i g h e s t  d i p o l e  
moment.
Molecu lar  s u r f a c e  a r e a s  o f  t h e  s o rb a te s  c a l c u l a t e d  in gas  phase  were 
r e p o r t e d  by Valkowsky and Valvannl  (1979) and Yalkowsky e t  a l .  (1979) .  
MNAP, with  the h i g h e s t  s u r f a c e  a r e a  ( 1 7 2 .5 A2) ,  was sorbed  b e s t ,  and TCE, 
with  the  s m a l l e s t  s u r f a c e  a r e a  ( 7 7 . 8 A ) ,  was ta k en  up l e a s t ,  ODCB and 
NAPH have s u r f a c e  a r e a s  o f  144 .7A2 and 155.8Aa r e s p e c t l v e l y ,  and give  
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vo lumes,  an I n d i r e c t  measure  o f  m o l e c u l a r  s i z e ,  a l s o  d e c re a s e  in t h e  
o r d e r  MNAP>ODCB>TCE, which f o l l o w s  t h e  s o r p t i o n  t r e n d  r e p o r t e d  h e r e  on 
t h e  m ine ra l  s u r f a c e s .
I t  i s  a p p a r e n t  t h a t  s o r b a t e  p r o p e r t i e s  a s s o c i a t e d  with  m o le c u la r  
s i z e  and m o le c u la r  p o l a r i z a b i  H t y  a r e  d i r e c t l y  c o r r e l a t e d  t o  K v a l u e s  on 
t h e  m ine ra l  s u r f a c e s  s t u d i e d  h e r e .  S in c e  van der  Waa l 's  f o r c e s  i n c r e a s e  
w i th  m o lecu la r  s i z e  and a r e  r e l a t e d  t o  induced p o l a r i z a t i o n ,  they  
p r o b a b ly  a c c o u n t ,  a t  l e a s t  in  p a r t ,  f o r  t h e  t r e n d s .  However, a com ple te  
e x p l a n a t i o n  can n o t  be g iven  f o r  t h e  r e l a t i o n  between K and s o r b a t e  
m o le c u la r  p o l a r i z a b i l i t y  obse rved  h e r e .  The p o l a r i z a b i l l t y  r e f e r r e d  t o  
was measured in  t h e  l i q u i d  p h ase  and t h u s  i s  a t ime and space  ave rage  
o v e r  a l l  m o lecu la r  o r i e n t a t i o n s  and c o n f i g u r a t i o n s  f o r  a l a rg e  number of  
m o l e c u le s .  When a m o lecu le  1s s u b j e c t e d  t o  an e x t e r n a l  e l e c t r i c  f i e l d ,  
t h e  molecu le  I t s e l f  Is  deformed .  T h i s  de fo rm a t ion  i s  a f u n c t i o n  o f  th e  
m o l e c u la r  o r i e n t a t i o n  in t h e  f i e l d  and t h e  f i e l d  s t r e n g t h .
The p o l a r i z a b i  1 i t y  o f  a m o lecu le  can  be ex p re s s e d  in t e rm s  o f  
components a long  th e  p r i n c i p a l  axes  o f  t h e  m o lecu le .  S in g le  m o lecu le  
p o l a r i z a b i H t y  components m igh t  b e t t e r  c o r r e l a t e  w i th  s o r p t i o n  t h a t  do 
t h e  average  p o l a r i z a b i T i t l e s ,  bu t  l i t e r a t u r e  da ta  f o r  the p o l a r i z a b i l i t y  
components o f  t h e  m o le c u le s  used were n o t  found.  I t  i s  p o s s i b l e ,  In 
p r i n c i p l e ,  t o  o b t a i n  t h e  p o l a r l z a b l l i t y  components from m o le c u la r  o r b i t a l  
c a l c u l a t i o n s  o r  from s p e c t r o s c o p i c  m easurements .  The presumed advan tage  
o f  c o r r e l a t i o n  o f  m o l e c u l a r  p o l a r i z a b i 1 i t y  components with  s o r p t i o n  i s  
b a s ed  on the  a s sum pt ion  t h a t  t h e r e  I s  a  p r e f e r r e d  o r i e n t a t i o n  f o r  s o r b a t e  
approach  t o  and s o r p t i o n  on th e  s o r b e n t  s u r f a c e .
We a re  p r e s e n t l y  unab le  t o  o b s e r v e  sorbed  molecu le s  in t h e  p re s e n c e  
o f  w a te r  by s p e c t r o s c o p i c  means o r  d i r e c t  o b s e r v a t i o n .  D e t a i l e d  c o r r e l a -
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t l o n s  of  m o le c u la r  s t r u c t u r e  and p r o p e r t i e s  w i th  s o r p t i o n  assume a n ea r  
complete knowledge of  t h e  s u r f a c e ,  o f  s o l v e n t  w a t e r ,  o f  t h e  s o r b a t e ,  and 
o f  t h e i r  p a r t i c i p a t i o n  in  the  s o r p t i o n  mechanism. This  1s u n l i k e l y  t o  be 
a t t a i n e d  soon ,  b u t  i t  would be I n t e r e s t i n g  to  o b t a i n  p o l a r l z a b l l I t y  
component d a t a  f o r  f u r t h e r  s e m i - e m p i r i c a l  c o r r e l a t i o n  with  s o r p t i o n .  I t  
Is  s p e c u la t e d  t h a t  the  observed  s o r p t i o n  to t h e  m in e ra l  s u r f a c e  was 
a f f e c t e d  by 1on-1nduced d i p o l e  o r  d l p o l e - l n d u c e d - d l p o l e  I n t e r a c t i o n s  
between s o r b a t e  and s o r b e n t  based on t h e  observed  r e l a t i o n  between 
s o rb a te  m o le c u la r  p o l a r l z a b l l I t y  and K.
E x te rn a l  s p e c i f i c  s u r f a c e  a r e a s  v a r i e d  c o n s i d e r a b l y  f o r  t h e  c l a y  
so rben ts  (Tab le  V). K a o l l n i t e  had t h e  lowest  s p e c i f i c  s u r f a c e  a r e a  and 
sorbed t h e  l e a s t .  Ca-montmor11Ionite had t h r e e  t i m e s  more s u r f a c e  a r e a  
than  Na-montmor11 I o n i t e ,  b u t  sorbed l e s s  of  a l l  s o r b a t e s .  Barasyn had 
the  l a r g e s t  s u r f a c e  a r e a ,  b u t  i t  had s i m i l a r  K v a l u e s  to  Na-Montmor11- 
l o n l t e  of  lower s p e c i f i c  s u r f a c e  a r e a .  The m o n t m o r l l I o n i t e s  a l l  had much 
l a rg e r  s u r f a c e  a r e a s  th a n  the  o x id e s ,  b u t  so rbed  a p p r o x im a te ly  t h e  same 
amount as g o e t h l t e .  S u r f a c e  a rea  may be c a s u a l l y  a s s o c i a t e d  w i th  
s o r p t i o n ,  b u t  Is not  t h e  pr im ary  f a c t o r  1n d e t e r m in i n g  K v a l u e s .  C a t ion  
exchange c a p a c i t i e s  fo l lo w ed  s i m i l a r  t r e n d s  t o  t h e  s u r f a c e  a r e a s  and 
t h e r e f o r e  p rov ide  l i t t l e  in fo rm at ion  on the  s o r p t i o n  behav io r  o f  th e  
c l a y s .
The e t h y l e n e  g ly c o l  (EG) s u r f a c e  a r e a s  f o r  Ca- and 
Na-montmor11 I o n i t e  a re  a measure of  t h e  t o t a l  c l a y  s u r f a c e  a r e a  when 
I n t e r l a y e r  s u r f a c e s  a r e  Included (T a b l e  V). The Na-montmor11 I o n i t e ,  
which sorbed  a t  l e a s t  f o u r  t imes more o f  a l l  s o r b a t e s  than th e  
Ca-m ontm or1 l Ion i te ,  has a somewhat s m a l l e r  EG s u r f a c e  a r e a .  In aqueous 
s o l u t i o n s  th e s e  EG s u r f a c e  a r e a s  a r e  i r r e l e v a n t  and do not  r e p r e s e n t  t h e  
ex ten t  of  c l a y  e x p an s io n .  A p o s s i b l e  e x p l a n a t i o n  f o r  the g r e a t e r
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s o r p t i o n  by Na-montmor11 I o n i t e  Is due to  b a s a l  expans ion  caused  by c a t i o n  
h y d r a t i o n  as d i s c u s s e d  be low.
The e f f e c t  of  c a t i o n  s u b s t i t u t i o n  on s o r p t i o n  by a s m e c t i t e  c l a y  was 
examined u s in g  Ca+^ - ,  A l+^ - ,  and Na+- s a t u r a t e d  montmor l1I o n i t e s  
d e s c r i b e d  above .  C a - s a t u r a t e d  m on tm or l1 I o n i t e  adsorbed  l e s s  MNAP th a n  
t h e  N a - s a t u r a t e d  c l a y ,  and A l - s a t u r a t e d  m ontmor l1 I o n i t e  s o rbed  more MNAP 
th a n  e i t h e r  t h e  Ca- o r  t h e  N a - s a t u r a t e d  m ontmor l1 I o n i t e ,  These r e s u l t s  
a g r e e  w i th  Rogers and McFar lane (1 9 8 1 ) ,  who no ted  a s i m i l a r  t r e n d  f o r  
n o n p o l a r  h a l o g e n a t e d  o r g a n k s  on s o i l s  and A l -  and C a - s a t u r a t e d  c l a y s .  
A d d i t i o n a l  s u p p o r t  f o r  t h i s  o b s e r v a t i o n  comes from Rogers e t  a l .  ( 1980 ) ,  
who found benzene so rbed  t h r e e  t im es  b e t t e r  on A l - s a t u r a t e d  
m on tm or l1 I o n i t e  t h a n  on Ca-montmor11 I o n i t e .  No e x p l a n a t i o n  was g iv e n  f o r  
t h e s e  d i f f e r e n c e s  in  s o r p t i o n  r e s u l t s  on t h e  s u b s t i t u t e d  c l a y s ,  nor  was 
TOC d e te rm in e d .
S o r p t io n  d i f f e r e n c e s  between t h e  Na- and C a - s u b s t l t u t e d  
montmorl 1 i o n i t e s  measured h e r e  may be due t o  t h e  changes  1n b a s a l  s p a c in g  
c au s ed  by t h e  c a t i o n  s u b s t i t u t i o n .  The b a s a l  s p a c in g  f o r  t h e  
Ca-montmor11 I o n i t e  1s 19.1 A' (MacEwan and W i lson ,  1980).  S ince  
Na-montm orl11o n 1 te  s w e l l e d ,  i t s  b a s a l  s p a c in g  would be I n d e f i n i t e  
(MacEwan and W i lson ,  1980) ,  t h e r e b y  p r e s e n t i n g  a g r e a t e r  s u r f a c e  a r e a  f o r  
s o r p t i o n  than  t h e  C a - m o n t m o r l l I o n i t e .  Th is  may e x p l a i n  t h e  g r e a t e r  
s o r p t i o n  e x h i b i t e d  by N a-montm or l1I o n i t e  r e p o r t e d  h e r e .
E x p l a n a t i o n s  f o r  t h e  o b s e rv e d  s o r p t i o n  i n c r e a s e  caused  by
+3Al - s u b s t i t u t i o n  a r e  much more d i f f i c u l t .  A d d i t i o n  of  t h e  AKCIJ^  
t o  t h e  montmorl1 I o n i t e  no t  o n ly  c a u s e s  c a t i o n  exch a n g e ,  bu t  a l s o  changes  
t h e  c h e m i s t r y  o f  t h e  sys tem  (Dr.  J . E .  Mack i n ,  SUNY a t  S tony  Brook,  NY, 
p e r s o n a l  com m un ica t ion ) .  The A1(C1)^ s o l u t i o n  i s  q u i t e  a c i d i c  and
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p ro b a b ly  m o d i f i e s  the  c l a y  l a t t i c e  and s u r f a c e .  Aluminum h y d ro x id e  
s p e c i e s  a r e  p ro b a b ly  p r e c i p i t a t e d  1n t h e  i n t e r  l a y e r s .  New g l b b s l t e  
l a y e r s  might  a l s o  be fo rmed .  Rogers e t  a l .  (1980) and  Rogers and 
McFarlane (1981) f a i l e d  t o  n o t e  o r  a d d r e s s  t h e s e  d i f f i c u l t i e s  w i th  th e  
A l - s a t u r a t e d  c l a y  systems used  1n t h e i r  s o r p t i o n  s t u d i e s .  O the r  
r e s e a r c h e r s ,  such a s  Loeppe r t  e t  a l .  ( 1 9 8 6 ) ,  have u s e d  A l - s a t u r a t e d  
montmor l1I o n i t e s  1n r e s e a r c h  s t u d i e s  w i t h o u t  I n d i c a t i n g  th e  p rob lem s  
a s s o c i a t e d  w i th  t h e  AMCD^-montmori  ! 1 o n 1 t  e - w a t e r  s y s t e m .
Since  t h e  A1C1^-Na-montmorl1 I o n I t e - w a t e r  sys tem 1s p o o r ly
c h a r a c t e r i z e d ,  I n t e r p r e t a t i o n  o f  s o r p t i o n  r e s u l t s  on t h e  A l-montmor11-
l o n l t e  1s s p e c u l a t i v e ,  A l - s a t u r a t e d  montmorl  l i o n  H e  i s  s t r o n g l y  a d d l e
(Loeppe r t  e t  a l . ,  1986), which c o u ld  a f f e c t  t h e  s o r p t i o n  p r o p e r t i e s ,
e s p e c i a l l y  f o r  p o l a r  o r g a n i c s .  Nonpola r  o r g a n l e s  would be a f f e c t e d
p r i m a r i l y  th rough  d ip o l e  and l o n - d l p o l e  a t t r a c t i o n s  t h a t  may e x p l a i n  th e
In c re a s e d  s o r p t i o n .  The s m a l l e r ,  more h i g h l y  c h a r g e d  A l+^ c a t i o n  may
change the  l o c a l  s u r f a c e  c h a r g e ,  t h e r e b y  I n c r e a s i n g  I n t e r a c t i o n s  between
s o r b a t e  and s o r b e n t  s u r f a c e .  The h i g h e r  ch a rg e  c o u l d  a l s o  change  th e
s t r u c t u r e d  w a te r  d i s t r i b u t i o n  on th e  c l a y  s u r f a c e ,  a l l o w i n g  t h e  s o r b a t e
t o  compete more f a v o r a b l y  w i th  w a te r  f o r  a v a i l a b l e  s o r p t i o n  s i t e s .  The
+3h i g h l y  h y d ra te d  Al c a t i o n  may a l s o  c a u s e  changes  1n I n t e r l a y e r  
s p a c i n g ,  which could  c o n t r i b u t e  t o  t h e  h i g h e r  s o r b a t e  s o r p t i o n  obse rved  
h e r e .  Although r e s u l t s  on g l b b s l t e  r e p o r t e d  h e r e  show l i t t l e  s o r p t i o n ,  
amorphous aluminum s p e c i e s  may so rb  g r e a t e r  amounts .
Small q u a n t i t i e s  o f  o r g a n i c  c a rb o n  were found  In a l l  n a t u r a l  c l a y  
samples s t u d i e d .  Barasyn was e x t r e m e l y  low In o r g a n i c  c a r b o n ,  be low t h e  
d e t e c t i o n  l i m i t  o f  <0.002%, b u t  sorbed  n e a r l y  t h e  same amounts o f  a l l  
s o r b a t e s  a s  Na-montmorl l i o n 1 t e ,  which had a t  l e a s t  10 t i m e s  more o r g a n i c  
c a r b o n .  Ca-montmor11 I o n i t e ,  c o n t a in e d  s i m i l a r  q u a n t i t i e s  o f  o r g a n i c
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carbon a s  N a -m o n tm o r1 l Io n i t e ,  b u t  so rbed  much l e s s .  I t  does n o t  appear  
t h a t  o r g a n i c  ca rbon  c o n t r o l s  s o r p t i o n  on t h e  c l a y  s u r f a c e s .
I t  1s a p p a r e n t  t h a t  c l a y s  and o x id e  m i n e r a l s  took  up a p p r e c i a b l e  
amounts o f  t h e  s o r b a t e s  s t u d i e d  and must be c o n s i d e r e d  a s  c o n t r i b u t o r s  to  
s o r p t i o n  c o e f f i c i e n t s  measured on a q u i f e r  m a t e r i a l s  whose o r g a n i c  carbon 
c o n t e n t  may not be t h e  pr ime p r e d i c t o r  f o r  n o n p o la r  o r g a n i c  s o r p t i o n .
As an a n t e c e d e n t  t o  t h e  a q u i f e r  m a t e r i a l  s o r p t i o n  and c o r r e l a t i o n  
s t u d i e s ,  s e v e r a l  m i x t u r e s  o f  c l a y s  and o x i d e s  were s t u d i e d  to  d e t e rm in e  
whether  s o r p t i o n  on I n d i v i d u a l  m i n e r a l s  c o u l d  be used t o  p r e d i c t  the  
amount o f  s o r b a t e  t a k en  up by a m in e ra l  m i x t u r e .  Both m i x t u r e s  o f  
g o e t h l t e  and Na-montmor11 I o n i t e  and g o e t h l t e  and b a ra s y n  were used  as 
s o r b e n t s  f o r  MNAP. I n i t i a l  e x p e r i m e n t s  w i th  g o e t h l t e  and b a ra s y n  mixed 
in v a r i o u s  r a t i o s  were  f r u s t r a t e d  by t h e i r  s i m i l a r i t y  In s o r b e n t  
a f f i n i t y .  For exam ple ,  K f o r  MNAP on b a r a s y n  was 1 .8 2 ^ 0 .1 9  and th e  K fo r  
MNAP on g o e t h l t e  was £ .27+0 .25  (T a b le  V I I I ) .  MNAP K v a l u e  f o r  t h e  mixed 
s o r b e n t s  was 2 , 1 5 + 0 .0 7 ,  C onf idence  i n t e r v a l  o v e r l a p  p r e v e n t e d  a t e s t  o f  
the  p roposed  a d d i t i v e  e f f e c t  and o c c u r r e d  f o r  a l l  s o r b e n t  com bina t ions  
a t t e m p t e d  (T ab le  V I I I ) .  Another  mixed s o r b e n t  sys tem was s e l e c t e d  where 
the  s o r b a t e  a f f i n i t i e s  f o r  t h e  s o r b e n t  were c o n s i d e r a b l y  d i f f e r e n t .  This  
system c o n s i s t e d  o f  1 ,0  g each  o f  k a o l l n l t e  and g o e t h l t e  as  s o rb e n t  w ith  
PCP s o r b a t e .  R e s u l t s  from runs  on t h i s  mixed s o r b e n t  showed t h a t  t h e  
amounts so rbed  were a d d i t i v e .  From s i n g l e  s o r b e n t  s t u d i e s ,  t h e  K f o r  PCP 
on k a o l i n  was 1 ,76+0 .54  and t h e  K f o r  PCP on g o e t h l t e  was 1 2 .5+2 .0 .  The 
p r e d i c t e d  PCP K f o r  a mixed s ys tem  ( 1 . 0  g o f  each  s o r b e n t )  was 7 .13 and 
t h e  measured K f o r  PCP was 7 . 5 6 + 0 ,6 1 ,
S i n g le  s o r b a t e / s o r b e n t  K v a l u e s  f o r  eac h  s o r b e n t  component o f  t h e  
b i n a r y  m i x tu r e  p e r m i t t e d  c a l c u l a t i o n  o f  K f o r  t h e  mixed s o r b e n t .
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K a r i c k h o f f  (1984)  a l l u d e d  t o  t h i s  s o r p t i o n  Independence ,  b u t  did not  
e x p e r i m e n t a l l y  d e m o n s t r a t e  I t *  R e s u l t s  from t h e  s imple  system s tu d i e d  
h e r e  s u p p o r t  s o r p t i o n  I n d e p e n d e n c e .
S o r p t i o n  on a q u i f e r  m a t e r i a l s  from v a r i o u s  g e o l o g i c  fo r m a t io n s  
w i t h i n  t h e  U.S.  w i l l  be d i s c u s s e d  in  r e l a t i o n  t o  t h e  s o r p t i o n  on c l a y s  
and m i n e r a l  o x i d e s .  The o b j e c t i v e  1s t o  d e t e r m i n e  i f  a q u i f e r  m a t e r i a l  
m i n e r a l  c o m p o s i t i o n  and o t h e r  s e l e c t e d  p r o p e r t i e s  In c lu d in g  o r g a n ic  
c a rb o n  can be r e l a t e d  t o  t h e  o b s e r v e d  s o r p t i o n  c o e f f i c i e n t s .
Kqc v a l u e s  were c a l c u l a t e d  f o r  t h e  a q u i f e r  m a t e r i a l s  by t a k i n g  th e  
a v e r a g e  K v a l u e  o f  t h r e e  s e p a r a t e  I s o th e rm  runs  and d i v i d i n g  t h i s  by th e  
a v e r a g e  o r g a n i c  c a r b o n  c o n t e n t  f o r  each  a q u i f e r  m a t e r i a l  (Tab le  XV). 
Among t h e  a q u i f e r  s o r b e n t s ,  t h e  Kqc f o r  MNAP v a r i e d  by a f a c t o r  o f  5 
and t h e  Kq(_ f o r  0DC8 v a r i e d  by  an o r d e r  o f  m a g n i tu d e .  To demon­
s t r a t e  t h e  s i g n i f i c a n c e  o f  t h e s e  l a r g e  v a r i a t i o n s  in  Ko c , e q u a t i o n  (?)  
was u s e d  t o  c a l c u l a t e  t h e  r e t a r d a t i o n  o f  QDCB movement r e l a t i v e  t o  wate r  
o v e r  50 y e a r s .  The c a l c u l a t i o n  1s b as ed  on a a v e ra g e  c a l c u l a t e d  a q u i f e r  
m a t e r i a l  K v a l u e  and on t h e  a c t u a l  ODCB K v a l u e  measured on each a q u i f e r  
m a t e r i a l .  The a v e r a g e  K was c a l c u l a t e d  by  a v e r a g i n g  t h e  KQC over  a l l  
a q u i f e r  m a t e r i a l s .  The c a l c u l a t e d  r e t a r d a t i o n  r e s u l t s  show t h a t  use o f  
v a l u e s  b a s e d  on KQC l e a d s  t o  l a r g e  e r r o r s  in  con tam inan t  l o c a t i o n  even 
a f t e r  t h i s  g e o l o g i c a l l y  s h o r t  t i m e  (Tab le  XVI),
T h e re  I s  c o n s i d e r a b l e  v a r i a t i o n  in  a v a i l a b l e  K v a l u e s .  Foroc
n a p h t h a l e n e ,  K a r i c k h o f f  ( 1 9 7 9 ,  1981) r e p o r t e d  Kqc o f  1300 and 870 on 
s u r f a c e  s o i l s  and s e d i m e n t s ,  r e s p e c t i v e l y .  A Kqc o f  12?0 was measured 
h e r e  f o r  n a p h t h a l e n e  s o r p t i o n  on Borden a q u i f e r  m a t e r i a l  which Is s i m i l a r  
t o  K a r i c k h o f f ' s  r e s u l t s  on s u r f a c e  s o i l s .  Abdul and Gibson (1986) 
r e p o r t e d  t h e  Koc f o r  n a p h t h a l e n e  on Borden a q u i f e r  m a t e r i a l  1s 650,
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TABLE XV. Koc f o r  MNAP and QDCB o r  a q u i f e r  m a t e r i a l s .
A q u i f e r  M a t e r i a l  Koc MNAP Koc ODCB
T in k e r 4580 1040
C a r s w e l l 1690 680
B a r k s d a l e 910 280
B l y t h e v l 1 le I960 820
T r a v e r s e  C i t y 6750 3200
Borden 3230 1935
Lula 2540 700
TABLE XVI. Comparison o f  c a l c u l a t e d  d i s t a n c e s  (m) o f  ODCB 
movement a f t e r  50 y e a r s  based  on K from a v e r a g e  
Koc and on a c t u a l  K d a t a .
A q u i f e r  Use o f  Aver -  Use of
M a t e r i a l  age  Koc Actua l  K
-m-
Tinker 1006 1143
Carsw el l 514 785
B a r k s d a le 155 552
B l y t h e v l l i e 107 159
T r a v e r s e  C i t y 930 475
Borden 759 552
Lula 594 945
C a l c u l a t l o n  B a s i s :
Average Koc f o r  ODCB on a l l  g u l f e r  m a t e r i a l s  = 1236 
Bulk mass d e n s i t y  * 2 .1  g/cm^
P o r o s i t y  = 0 ,2 0
Groundwater  v e l o c i t y  = 4 5 . 7  m/yr 
Time = 50 y r
78
a b o u t  h a l f  t h e  v a l u e  fo u n d  h e r e .  Johnson e t  a l .  (1985) measured a 
n a p h t h a l e n e  K o f  660 on s o i l s  t a k e n  from a was te  d i s p o s a l  s i t e .Vv
S t a u f f e r  and M acIn ty re  (1986} found a NAPH «oc o f  470 on Lula a q u i f e r  
m a t e r i a l .
For  ODCB, K v a r i e d  over  an o rd e r  o f  magnitude on the  a q u i f e rv ^
m a t e r i a l s  s t u d i e d  h e r e .  CMou e t  a l .  (1983) r e p o r t e d  a Kqc o f  106 f o r  
ODCB on a s u r f a c e  s o i l  which  i s  g e n e r a l l y  much lower than  o b t a i n e d  on th e  
a q u i f e r  m a t e r i a l s  s t u d i e d  h e r e .  Mackay e t  a l ,  (1986) r e p o r t e d  K f o r  ODCB 
on Borden a q u i f e r  m a t e r i a l  o f  0.76+f) .03 from i s o th e rm  s lo p e s  and 
0 . 6 9 + 0 . 0 4  from a s i n g l e  p o i n t  method. These v a lu e s  a r e  somewhat 
c o m p a ra b le  t o  0 .3 0 + 0 .0 4  r e p o r t e d  h e r e .  Conversion o f  Mackay e t  a l .
(1986 )  K v a l u e s  t o  Koc w i t h  t h e i r  s t a t e d  TOC, 0 .0 1 6 * ,  g iv e s  a KQC o f  
ODCB on Borden a q u i f e r  o f  4200.  The Kcc o f  1940 f o r  ODCB on Borden 
a q u i f e r  m a t e r i a l  found h e r e  1s in f a i r  ag reement w i th  Mackay e t  a l .  
( 1 9 8 6 ) ,  b u t  bo th  a r e  much h i g h e r  than  on s u r f a c e  s o i l  r e p o r t e d  by 
S t a u f f e r  and  M a c I n ty r e ,  (1986)  and Chiou e t  a l ,  (1983) .
V a r i a t i o n  o f  the  Kqc d a t a  found he re  i s  g r e a t e r  than  t h a t  obse rved  
f o r  s u r f a c e  s o i l s .  D i f f e r e n c e s  may be caused by th e  g e o l o g i c a l  v a r i a t i o n  
o f  t h e  s am p les  o r  by v a r y i n g  degrees  o f  o rg a n ic  d ( a g e n e s i s  w i t h i n  t h e  
s a m p l e s .  V a r i a t i o n  c a u s e d  by d i f f i c u l t i e s  with  t h e  d e f i n i t i o n  and 
m easurem ent  o f  t o t a l  o r g a n i c  ca rbon  c o n c e n t r a t i o n  has  been l a r g e l y  
i g n o r e d  i n  p r e v i o u s  work.  Many a u t h o r s  do not d e s c r i b e  the  a n a l y t i c a l  
method u s e d .  D i f f e r e n c e s  between methods become more pronounced a t  low 
o r g a n i c  c a r b o n  c o n c e n t r a t i o n s .  TOC d a t a  o b t a in e d  from the  U n i v e r s i t y  of  
F l o r i d a  S o i l s  L a b o r a t o r y  u s in g  H alk ley-Black  chromate  o x i d a t i o n  d i f f e r e d  
from r e s u l t s  o b t a i n e d  h e r e  us ing  t h e  combustion method (Table XVII).  
D i f f e r e n c e s  between methods  o f  de te rm in in g  o r g a n ic  carbon c o n t e n t
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TABLE XVII. I n t e r  l a b o ra to ry  a n a l y t i c a l  r e s u l t  compar ison  f o r  s e l e c t e d  
a q u i f e r  m a te r i a l  p r o p e r t i e s .
A qu i fe r
M a te r i a l____________TOC_______________CLAY___________ 2-LAYER________ 3-lAVEK
 %----------------------------------------------
Tinker 0 . 0 7 0.01 14,1 11,3 3 .8 9 . 0 4 .2 0 .75
Carswell 0 . 0 8 0.03 9 .8 5.6 1.5 1.5 5.5 4 .5
B ark s d a le 0 . 1 3 0.11 9 . 2 6 .2 0 .7 2 .1 7.0 4 . 9
B ly th e v l  H e 0 . 2 2 0.16 10.5 5.6 0 .3 1.2 9 .2 5 .0
T rav e r se 0 . 0 8 0.01 1.0 0.1 0,05 0 .001 0 ,25 0.001
Borden N/A 0.02 N/A N/A N/A
Lula 0 . 1 2 0.02 3 . 4 0 .06 1,7
NA, Not Analyzed
TOC Column 1* Univ .  of  FL, S o i l s  L a b o ra to ry ;  Column 2* Author 
%Clay, %2-Layer,  and %3-layer Column 1, Univ.  o f  FL; Column 2 
Twin C i t i e s  Research C e n t e r .
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( T ab le  XVII) can accoun t  f a r  v a r i a t i o n s  o f  n e a r  one o r d e r  o f  m agn i tude  in
Koc* based on a 9 lven K v a l u e ,  TOC measured in  t h i s  s t u d y  f o r  Sorden
m a t e r i a l ,  0.0161* compares w e l l  w i th  r e s u l t s  f o r  Borden m a t e r i a l
p u b l i s h e d  by Mackay e t  a l ,  ( 1 9 8 6 ) ,  0 .0 1 8 1  and Abdul and Gibson (1 9 8 6 ) ,
0 , 0 2 1 .  The U a lk l ey -B lac k  method a p p ea r s  t o  g i v e  h i g h e r  TOC v a l u e s
r e l a t i v e  t o  the  combust ion  m e thod .  S i n c e  K i s  a f u n c t i o n  o f  b o th  Koc
v a l u e  and TOC, i t  i s  n e c e s s a r y  t o  c o n s i d e r  e f f e c t s  o f  measurement  
d i f f i c u l t i e s  from both  a n a l y t i c a l  measurements  when e v a l u a t i n g  KQC d a t a .  
I t  i s  q u e s t i o n a b l e  whether  t h e  Kqc c o n c e p t ,  dev e lo p ed  and 
g e n e r a l l y  a p p l i e d  t o  s u r f a c e  s o i l s  w i th  o r g a n i c  c o n t e n t  o f  >0 .11 ,  can be 
used  w i th  a q u i f e r  m a t e r i a l .  The problem 1s made a p p a r e n t  from 
c o n s i d e r a t i o n  of  t h e  TOC d a t a  (T a b le  XVII) ,  Most o f  t h e  a q u i f e r  m a t e r i a l  
samples  have TOC <0 .11 ,  a commonly used  lower l i m i t  f o r  o r g a n i c  c a rb o n  
r e f e r e n c e d  s o r p t i o n .  A q u i fe r  m a t e r i a l  samples  w i th  TGC above 0 , 1 1 ,  
B a rk s d a le  and B l y t h e v l l i e ,  bo th  in c lu d e d  m a t e r i a l  from p e rche d  a q u i f e r s  
o v e r  t h e  main w a te r  t a b l e .  Even i f  t h e  two h igh  o r g a n i c  a q u i f e r  
m a t e r i a l s  a r e  e x c l u d e d ,  t h e  r e m a in in g  Koc r a n g e  i s  s t i l l  a f a c t o r  o f  
f o u r  (T ab le  XV). These v a r i a t i o n s  in Koc a r e  much l a r g e r  t h a n  t h o s e  
n o rm a l ly  e n c o u n te re d  in s u r f a c e  s o i l s  and s e d i m e n t s ,  i n d i c a t i n g  t h e  Kqc 
c o n c e p t  may not  be u s e f u l  in  a q u i f e r s .
E x c lu s io n  o f  t h e  B a rk s d a le  and B l y t h e v l l i e  m a t e r i a l  from t h e  d a t a  
s e t  g i v e s  Kqc v a l u e s  t h a t  a r e  g e n e r a l l y  h igh  (T a b l e  XIV), These h igh  
v a lu e s  may be a t t r i b u t e d  to  m i n e r a l  c o n t r i b u t i o n s  t o  t h e  s o r p t i o n  
c o e f f i c i e n t  f o r  low carbon  m a t e r i a l s ,  a c o n t e n t i o n  t h a t  Is s u p p o r t e d  by a 
t h r e s h o l d  f o r  m i n e r a l  s o r p t i o n  o b s e rv ed  by H a s s e t t  e t  a l .  (1980) and 
d i s c u s s e d  by K a r i c k h o f f  (1984 ) .  This  t h r e s h o l d  o c c u r r e d  when t h e  r a t i o  
o f  s w e l l i n g  c l a y  c o n t e n t  t o  o r g a n i c  c a rb o n  c o n t e n t  (cm/oc)  i s
app ro x im a te ly  3 0 .  At ( cm /o c )  <30,  m i n e r a l  s u r f a c e s  a r e  g e n e r a l l y  covered  
by o r g a n ic  ca rbon  and s o r p t i o n  c o n t r i b u t i o n s  a r e  r e d u c e d .  Above t h i s  
t h r e s h o l d ,  m i n e r a l  s u r f a c e s  may n o t  be c o m p le te ly  coa ted  and add t o  th e  
amount o f  s o r b a t e  a d s o rb e d .  The a q u i f e r  m a t e r i a l s  f a l l  I n t o  t h e  m in e ra l  
s o r p t i o n  re g io n  where o r g a n i c  ca rbon  c o n t r o l  o f  s o r p t i o n  shou ld  n o t  ho ld
(Table X V IU ) ,  Minera l  s o r p t i o n  may be much more s o r b a t e  s p e c i f i c  due t o
s e l e c t i v i t y  o f  m ine ra l  s u r f a c e s .  K a r l c k h o f f  (1904) showed t h a t
b l q u l n o l l n e  s o r p t i o n  e x h i b i t e d  a s u b s t a n t i a l  m ine ra l  c o n t r i b u t i o n ,
whereas pyrene  was on ly  s l i g h t l y  I n f l u e n c e d ,  Since t h e  a q u i f e r  m a t e r i a l s  
f a l l  in t h i s  m in e ra l  s o r p t i o n  r e g i o n ,  Kqc can not  c o m p l e t e l y  d e s c r i b e  
s o r p t i o n ,  and m ine ra l  c o m p o s i t io n  must p l a y  a s i g n i f i c a n t  r o l e  In s o r b a t e  
up take  on a q u i f e r  m a t e r i a l s .
The o th e r  c o n s i d e r a t i o n  r e g a r d i n g  t h e  u t i l i t y  o f  KQC c o n c e rn s  th e  
v a r i a b i l i t y  o f  t h e  c o m p o s i t io n  o f  t h e  o r g a n i c  ca rbon  m a t e r i a l .  G a r b a r in i  
and Lion (1986) have shown t h a t  v a r i o u s  components o f  s o i l  o r g a n ic  m a t t e r  
s o rb  d i f f e r e n t l y .  Thus, a v a r i a t i o n  In com pos i t ion  o f  t h e  o r g a n i c  m a t t e r  
w i l l  a f f e c t  i t s  s o r p t i v e  p r o p e r t i e s .  The q u e s t i o n  o f  s o r b a t e  
p a r t i t i o n i n g  v e r s u s  s o r p t i o n  1s n o t  r a i s e d  h e r e .  As M in g e lg r ln  and 
G ers t l  (1983) p o in t e d  o u t ,  1t c a n n o t  be answered by e q u i l i b r i u m  
thermodynamic measurem en ts .  D i f f e r e n c e s  in  o rgan ic  m a t t e r  c o m p o s i t io n  
w i l l  i n f l u e n c e  s o r p t i o n  i r r e s p e c t i v e  o f  t h e  mechanism. I n s u f f i c i e n t  
chemical  d a t a  e x i s t  to  a d e q u a t e l y  d e s c r i b e  sediment and s u r f a c e  s o i l  
o r g a n ic  m a t t e r ,  l e t  a l o n e  a q u i f e r  o r g a n i c  m a t t e r ,  so any d i f f e r e n c e s  
remain unknown. S ince  t h e  KqC c o n c e p t  1s n o t  suppor ted  on a q u i f e r  
m a t e r i a l s *  1t Is  hereby abandoned.
Carswell  a q u i f e r  m a t e r i a l  K v a r i e d  w i th  depth w i th i n  t h e  s a t u r a t e d  
zone (Table XII)  w i th  b o th  MNAP s o r p t i o n  and o rg an ic  ca rbon c o n t e n t
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TABLE XVII1.  R a t io  o f  m i n e r a l  c o n t e n t  (cm) t o  o r g a n ic  ca rb o n  c o n t e n t  ( o c ) .
A q u i f e r
M a t e r i a l  cm/0C*
l i n k e r 78
Carswell 169
B arksda le 46
B l y t h e v i l l e 32
T r a v e r s e  C i t y 22
Borden N,D
Lula 85
N,D, = No Data
* g c l a y  m1nera l /g o r g a n i c  carbon
S3
chang ing  by a f a c t o r  o f  t h r e e  over  t h e  d e p th  p r o f i l e ,  Mackay e t  a l ,  
(1986) r e p o r t e d  t e t r a c h l o r o e t h y l e n e  (PCE) s o r p t i o n  as a f u n c t i o n  o f  dep th  
In  10 cm Inc rem en ts  a t  t h e  Borden s i t e .  The K v a l u e  f o r  PCE v a r i e d  by an 
o r d e r  o f  magnitude* b u t  s p e c i f i c  s u r f a c e  a r e a  and o r g a n i c  carbon c o n t e n t  
v a r i e d  l i t t l e .  PCE v a r i a t i o n  cou ld  n o t  be e x p l a i n e d  by v a r i a t i o n  In 
s p e c i f i c  s u r f a c e  a r e a  a n d / o r  o r g a n i c  ca rbon  c o n t e n t .
One c o re  s tu d y  o f  h a l o g e n a t e d  s o r b a t e s  on the  Borden s i t e  a s  a 
f u n c t i o n  o f  d e p th  was f law ed  due to  oven d r y i n g  o f  t h e  s o r b e n t  a t  130°
C, w i th  a c o n c o m i ta n t  I n c r e a s e  1n s o r p t i o n  c o e f f i c i e n t  by a p p r o x im a te ly  
two.  Using t h i s  f law ed  d a t a ,  Mackay e t  a l .  (1986) no te d  t h a t  In most 
c a s e s  n o rm a l ize d  K v a l u e s  f o r  a l l  t h e  h a l o g e n a t e d  s o r b a t e s  were 
a p p r o x im a te ly  t h e  same f o r  a g iv e n  s t r a t a ,  p o s s i b l y  I n d i c a t i n g  t h a t  
s p a t i a l  s o r p t i o n  v a r i a t i o n  f o r  a g iv e n  chem ica l  c l a s s  o f  compounds c o u l d  
be e s t i m a t e d  by a s i n g l e  member. Th is  p r e l i m i n a r y  work was p u b l i s h e d  
w i t h o u t  s u f f i c i e n t  d a t a  t o  co n f i rm  t h e  s p e c u l a t i o n  c o n c e rn in g  s p a t i a l  
v a r i a t i o n ,  b u t  Mackay Is  c o n t i n u i n g  work t o  co n f i rm  i t .  The knowledge o f  
s o r p t i o n  s p a t i a l  v a r i a t i o n  1s c r i t i c a l  to  t h e  d e t e r m i n a t i o n  o f  
c o n t a m in a n t  t r a n s p o r t  and r e q u i r e s  f u r t h e r  f i e l d  r e s e a r c h .  A f u l l y  
documented p u b l i c a t i o n  p r e s e n t i n g  t h e  f i n a l i z e d  d a t a  s e t  d e s c r i b i n g  
s o r p t i o n  s p a t i a l  v a r i a b i l i t y  a t  t h e  Borden s i t e  1s a w a i t e d .
B a n e r j e e  e t  a l .  (1986) d e t e rm in e d  s o r p t i o n  on s e c t i o n s  o f  a c o re  o f  
Lula  a q u i f e r  m a t e r i a l  u s in g  s e v e r a l  a r o m a t i c  s o r b a t e s .  The e n t i r e  c o re  
l e n g t h  was a n a l y z e d ,  b u t  r e s u l t s  were no t  g iv e n  s e p a r a t e l y  f o r  s a t u r a t e d  
and u n s a t u r a t e d  zo n es .  K v a l u e  v a r i a t i o n  f o r  o r t h o c h l o r o t o l u e n e  was 
g e n e r a l l y  w i t h i n  a f a c t o r  o f  3 t o  4 o ve r  t h e  l e n g th  o f  t h e  c o r e ,  whereas  
o t h e r  p r o p e r t i e s  v a r i e d  more* w i th  o r g a n i c  ca rb o n  d i f f e r i n g  ove r  an o r d e r  
o f  m a g n i tu d e .  V a r i a t i o n s  were l e s s  e v i d e n t  1n d e e p e r  s t r a t a  where K
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v a l u e s  became s i g n i f i c a n t l y  c o r r e l a t e d  t o  m in e ra l  c o n t e n t .  V a r i a t i o n  
r e s u l t s  p r e s e n t e d  he re  f o r  s o r p t i o n  on C a r s w e l l  a q u i f e r  m a t e r i a l  a s  a 
f u n c t i o n  o f  dep th  a r e  comparab le  t o  p u b l i s h e d  r e s u l t s .  V a r i a t i o n  may 
have  been g r e a t e r  i f  the c o r e  had b een  s p l i t  i n t o  f i n e r  s u b d i v i s i o n s .  
Averaging  th e  K v a l u e s  from the  d e p t h  p r o f i l e  g i v e s  an a v e r a g e  K o f  0 . 4 4 ,  
w h ich  is near  t h e  average  K o f  G.45 f o r  t h e  C arsw e l l  c o m p o s i t e  s a m p l e .
I t  is a p p a r e n t  t h a t  s o r p t i o n  on a q u i f e r  m a t e r i a l s  must I n c l u d e  
m i n e r a l  s o r p t i o n  e f f e c t s .  A p l o t  o f  MNAP and 0DC8 s o r p t i o n  c o e f f i c i e n t s  
v e r s u s  o rg a n ic  ca rbon  c o n c e n t r a t i o n  f o r  a l l  a q u i f e r  m a t e r i a l s  shows 
l i t t l e  r e l a t i o n  between s o r p t i o n  c o e f f i c i e n t  and TOC (F ig u r e  6 ) ,
I n c l u s i o n  o f  B a rk s d a le  and B l y t h e v i l l e  m a t e r i a l s  f o r c e  t h e  l e a s t - s q u a r e s  
f i t  and thus  overem phas ize  t h e  two p o i n t s  w i th  h i g h e r  ca rbon  
c o n c e n t r a t i o n s  (Montgomery and Peck ,  1982) .  D e l e t i o n  o f  t h e  B l y t h e v i l l e  
and  Barksda le  samples  l e ave  th o s e  samples  w i t h  o r g a n i c  ca rbon  l e s s  t h a n  
0 . 1 *  and g r e a t l y  r educes  c o r r e l a t i o n  be tw een  o r g a n i c  ca rbon and K v a l u e s .
S e le c ted  s o r b e n t  p h y s i c a l / c h e m i c a l  p r o p e r t i e s  were measured  f o r  
p o s s i b l e  use 1n d i s c o v e r i n g  a r e l a t i o n s h i p  between s o r b e n t  p r o p e r t i e s  and 
n o n p o la r  o r g a n ic  s o r p t i o n  on a q u i f e r  m a t e r i a l s  (T a b le  X and X I ) .  C ho ice  
o f  p r o p e r t i e s  was based on s o r p t i o n  r e s u l t s  on c l a y s  and o x i d e s  o b t a i n e d  
h e r e ,  on commonly used t e s t s  to  c h a r a c t e r i z e  s o i l  and s ed im en t  s a m p l e s ,  
and on p r o p e r t i e s  used by o t h e r  r e s e a r c h e r s  f o r  s o r p t i o n  i n v e s t i g a t i o n s  
on  s u r f a c e  s o i l s  and sed im en ts  (Means e t  a l .  [1980 a . b ,  1982],  H a s s e t t  e t  
a l .  [1980,  1981],  and K ar ick h o f f  e t  a l .  [ 1 9 7 9 ] ) .
Means e t  a l .  (1980a)  did an u n s p e c i f i e d  m a t r i x  c o r r e l a t i o n  on a 
number o f  s o r b e n t  c h a r a c t e r i z a t i o n s  and d e m o n s t r a t e d  some I n t e r a c t i o n s  
be tween p e rc e n ta g e  o r g a n ic  ca rbon  and p e r c e n t a g e  n i t r o g e n  and be tween  
p e r c e n t a g e  c l a y  and CEC, T h e i r  m a t r i x  c o r r e l a t i o n  was fo l l o w e d  by a
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Figu r e  6.  P e r c e n t  o r g a n i c  carbon c o n c e n t r a t i o n  v e r s u s  s o r p t i o n  c o e f ­
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s e p a r a t e  l i n e a r  r e g r e s s i o n  o f  t h e  K v a l u e s  from t h e i r  s t u d y  a g a i n s t  each  
o f  t h e  i n d i v i d u a l  s u b s t r a t e  p r o p e r t i e s .  The p ro ced u re  d oes  not  c o n s i d e r  
t h e  i n t e r a c t i o n s  o r  c o n t r i b u t i o n s  from more t h a n  one v a r i a b l e .  The o n ly  
" s i g n i f i c a n t "  { r e g r e s s i o n  c o e f f i c i e n t  v a l u e  u n s p e c i f i e d )  r e l a t i o n s h i p  
found was K t o  p e r c e n t a g e  o r g a n i c  c a r b o n .  Means e t  a l .  (1980 b ,  1982) 
d i d  a s i m i l a r  s o r b e n t  p r o p e r t y  l i n e a r  r e g r e s s i o n  s tu d y  v e r s u s  K f o r  PAHs 
and am ino-  and c a r b o x y - s u b s t l t u t e d  PAHs and found  o r g a n i c  carbon  
depen d e n ce .  H a s s e t t  e t  a l .  (1980)  used  r f lbenz o th lophe ne  on the  same 
s o r b e n t s  a s  Means e t  a l .  (1980 a , b ,  1982) ,  and found a s i g n i f i c a n t  
c o r r e l a t i o n  between K and p e r c e n t a g e  o r g a n i c  ca rbon  a t  t h e  11! l e v e l .
Other  f a c t o r s  were n o t  s i g n i f i c a n t ,  bu t  t h e  s t a t i s t i c a l  method used  was 
no t  c l e a r l y  s t a t e d .  I t  i s  I m p o s s ib l e  t o  t e l l  w h e th e r  s i n g l e  Independen t  
r e g r e s s i o n s  o r  m u l t i p l e  l i n e a r  r e g r e s s i o n s  were used ,
PCA was run on a d a t a  m a t r i x  composed o f  MNAP K v a l u e s ,  p e r c e n t a g e  
o r g a n ic  c a r b o n ,  p e r c e n t a g e  s a n d ,  p e r c e n t a g e  c l a y ,  p e r c e n t a g e  s i l t ,  
s p e c i f i c  s u r f a c e  a r e a ,  CEC, p e r c e n t a g e  2 - l a y e r  c lay*  p e r c e n t a g e  3 - l a y e r
c l a y ,  and  p e r c e n t a g e  I r o n  c o n t e n t  In a l l  seven  a q u i f e r  m a t e r i a l s .
2
S i g n i f i c a n t  c o r r e l a t i o n s  (R > 0 .50 )  were found between many o f  t h e  
v a r i a b l e s  {Table  XIX).  Many o f  t h e  I n t e r a c t i o n s  a r e  e x p e c te d  b e c a u se  t h e  
a s s o c i a t e d  s o r b e n t  p a r a m e t e r s  a r e  p h e n o m e n o l o g i c a l l y  r e l a t e d .  The K 
v a l u e s  f o r  MNAP were h i g h l y  c o r r e l a t e d  w i th  p e r c e n t a g e  o r g a n i c  ca rbon  and 
p e r c e n t a g e  3 - l a y e r  c l a y .  However,  bo th  p e r c e n t a g e  o r g a n i c  ca rbon  and 
p e r c e n t a g e  3 - l a y e r  c l a y s  were a l s o  c o r r e l a t e d  w i th  o t h e r  v a r i a b l e s  and 
must  th e n  I n t e r a c t  t o  some e x t e n t  w i t h  K MNAP. E x i s t e n c e  o f  a l l  t h e s e  
I n t e r a c t i o n s  would f r u s t r a t e  t h e  use  o f  s im p le  l i n e a r  r e g r e s s i o n  f o r  t h i s  
d a t a .
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TABLE XIX. C o r r e l a t i o n s  found  w i th  PCA o f  a q u i f e r  p r o p e r t i e s  and MNAP 
s o r p t i o n .
VARIABLES RZ
K MNAP - % O rgan ic  Carbon 0 .8 3
K MNAP - % 3 - l a y e r  Clay 0 .54
% Organ ic  Carbon -  CEC 0 .5 3
% Organ ic  Carbon -  % 3 - l a y e r  c l a y 0 .76
% C lay  -  % 2 -L a y e r  Clay 0 .54
% C lay  -  % I ron 0 .5 0
% S 1 l t  -  CEC 0 .7 7
% S 1 l t  -  * 2 -L a y e r  Clay 0 .84
CEC -  * 3 -Laye r  Clay 0.51
CEC -  Organic  Carbon 0 .53
* 2 -L a y e r  Clay  -  % S 1 l t 0 .84
% 3 -Laye r  Clay  — X SI I t 0 .5 0
S u r f a c e  Area -  X 3-Layer  Clay 0 .50
S u r f a c e  Area -  % I ron 0 .5 0
se
N 1 n e ty - f1 v e  p e r c e n t  o f  t h e  v a r i a n c e  f o r  t h e  e n t i r e  d a t a  m a t r i x  can 
be combined in t h e  f i r s t  fou r  e i g e n v e c t o r s  (Tab le  XX). However* 
i n s p e c t i o n  of  t h e  e i g e n v e c t o r  m a tr ix  g i v e s  l i t t l e  l o a d i n g  I n fo rm a t io n  
t h a t  may be a t t r i b u t e d  t o  the  o r i g i n a l  v a r i a b l e s  (T a b le  XXI). The f i r s t  
e i g e n v e c t o r *  which a c c o u n t s  f o r  42* o f  t h e  v a r i a t i o n ,  w eigh t s  sand  q u i t e  
h e a v i l y .  The second e i g e n v e c t o r  w eigh t s  K MNAP, o r g a n i c  ca rbon c o n t e n t ,  
and p e r c e n t a g e  3 - l a y e r  c l a y .  The t h i r d  e i g e n v e c t o r  w e ig h t s  p e r c e n t a g e  
c l a y ,  s u r f a c e  a r e a ,  and i ron  c on ten t  and may be Im p o r t a n t  in d e s c r i b i n g  
s u r f a c e  a r e a  r e l a t e d  p r o p e r t i e s .  The t o t a l  I n f o r m a t i o n  ga ined  from the 
PCA shows t h a t  f o u r  p r i n c i p a l  components can e x p l a i n  95* o f  the  v a r i a t i o n  
and t h e s e  Invo lve  p e r c e n t a g e  o rg an ic  c a r b o n ,  K MNAP, p e r c e n ta g e  3 - l a y e r  
c l a y *  and s u r f a c e  a r e a  r e l a t e d  p r o p e r t i e s .
S in c e  B a rk s d a le  and B l y t h e v i l l e  a q u i f e r s  were h igh  in o r g a n i c  
c a r b o n ,  and both  had perched  a q u i f e r s *  PCA was r e r u n ,  e l i m i n a t i n g  them 
f rom c o n s i d e r a t i o n .  S e v e r a l  changes were a p p a re n t  in  t h e  s i m i l a r i t y  
m a t r i x .  The TQC-K MNAP c o r r e l a t i o n  d i s a p p e a r e d  and more m i n e r a l - r e l a t e d  
c o r r e l a t i o n s  became a p p a r e n t  (Table X X II ) .  The e i g e n v a l u e s  changed 
l i t t l e ,  r e q u i r i n g  o n ly  t h r e e  components t o  e x p l a i n  94* o f  the  v a r i a t i o n ,  
i n s t e a d  o f  fou r  components In the  p r e v io u s  r u n .  I n s p e c t i o n  o f  t h e  
l o a d i n g s  f o r  t h e  e i g e n v e c t o r s  showed i n t e r m e d i a t e  l o a d in g  v a l u e s  f o r  K 
MNAP and sand in t h e  p r im a ry  vector*  which  accoun ted  f o r  47* o f  t h e  
v a r i a n c e ,  b u t  t h e  h ig h e r  load ings  in t h e  second v e c t o r  (which a c c o u n ted  
f o r  30* o f  t h e  v a r i a t i o n ) ,  seemed r e l a t e d  t o  o r g a n i c  ca rb o n ,  s u r f a c e  
a r e a ,  p e r c e n t a g e  3 - l a y e r  c l a y ,  and I r o n .  Loadings in e i g e n v e c t o r  t h r e e  
s t r e s s e d  c l a y  and I ron  c o n t e n t .  The e i g e n v e c t o r  l o a d i n g s ,  coup led  with  
t h e  r e s u l t s  from t h e  c o r r e l a t i o n  m a t r i x ,  lead t o  a s t r o n g e r  m i n e r a l  
i n f l u e n c e  on s o r p t i o n .  P e t r o l o g i c  exam ina t ion  a l s o  s u p p o r t s  th e
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TABLE XX, PCA r e s u l t s  f o r  K MNAP and s o rb en t  p h y s i c a l / c h e w l e a l  
da ta  m a t r i x .
E lq en v ec to r Elqenvalue % o f  T race Cum, I  o f  T race
1 5.670 56.703 56 .703
I 2.406 24.058 80.761
3 0 .980 9.804 90 .565
4 0.4BB10 4.881 95 .445
5 0 .312 3.124 98.569
6 0.105 1.060 99 .629
7 0,037 0,367 99 .997
8 0 .003 0.003 99,998
9 0 .000 0,000 100,000
10 0 .000 0,000 100.000
TABLE XXI. PCA r e s u l t s  f o r  K MNAP and a q u i f e r  m a t e r i a l  
p h y s i c a l  and c h e m ica l  p r o p e r t y  d a t a  m a t r i x .
EIGENVECTOR
V a r i a b l e  I I I___________I l f  IV
1 -0 .2219 0.3663 0 .3 0 6 5 -0 .5 1 4 0
2 -0 .3 2 1 8 0.3734 0 .2 6 7 8 -0 .1 4 4 0
3 0 ,4495 0,2042 0 .1342 -0 ,0 5 7 9
4 -0 .1 1 9 5 - 0 .3 9 8 6 0 .3514 -0 .5 5 6 8
5 -0 .4 4 6 9 - 0 .2 0 9 3 -0 .1 5 6 8 0 .0144
6 -0 .2201 -0 .1 5 6 0 0 .5 2 4 0 0.4681
7 -0 .4 0 3 8 0 .0 7 6 8 -0 .2 5 1 9 0.1217
8 -0 .2 9 1 6 -0 .4 3 4 9 -0 .2 5 3 6 -0 .1 5 7 8
9 -0 ,3 4 5 0 0,3256 0 .1 6 1 8 0.3253
10 0 .1246 - 0 .3 9 5 7 0 .4902 0 .1918
V a r i a b l e  1, K MNAP: V a r i a b l e  2 ,  % o r g a n i c  c a rb o n ;
V a r i a b l e  3 ,  * sand;  V a r i a b l e  4 ,  % c l a y ;
V a r i a b l e  5, % s 111 ; V a r i a b l e  6 ,  s u r f a c e  a r e a ;
V a r i a b l e  7, c a t i o n  exchange  c a p a c i t y ;
V a r i a b l e  8,  % 2 - l a y e r  c l a y ;  V a r i a b l e  9 ,  1 3 - l a y e r  c l a y ;  
V a r i a b l e  10, % i r o n .
TABLE XXII. C o r r e l a t i o n s  f rom PCA c o r r e l a t i o n  m a t r i x  o f  
MNAP-aqu1fer d a t a  w i th  B l y t h e v i l l e  and 
B arksda le  a q u i f e r  d a t a  d e l e t e d .
VARIABLES R2
K MNAP-% Sand 0 . 6 5
* Organic  C a rb o n -S u r f a c e  Area
* Organic Carbon-*  3 - l a y e r  Clay
0 . 5 6
0 .76
* Clay-*  S i l t
* Clay-*  2 - l a y e r  Clay 
% C lay-*  I ron
0 .64
0 . 6 8
0 . 6 6
* S1lt-CEC
* S i l t - *  2 - l a y e r  Clay
* S i l t - *  I ron
0 , 7 3
0 . 9 9
0 . 9 2
CEC-* 2 - l a y e r  C la y  
CEC-* Tron
0 . 7 7  
0 .79
* I ro n -*  2 - l a y e r  Clay
* I r o n - S u r f a c e  Area
0 . 8 8
0 . 6 3
% 3 - l a y e r  C la y - S u r f a c e  Area 0 . 5 2
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c o r r e l a t i o n s  between o x id e  and c l a y  m i n e r a l s  and I r o n ,  s i n c e  i r o n  was 
p r e s e n t  a s  c o a t in g s  on many o f  t h e  o th e r  m i n e r a l s .
AlLhough s i n g l e  l i n e a r  r e g r e s s i o n  a n a l y s i s  i s  not a p p r o p r i a t e ,  1t 
was done here  f o r  compari son  pu rposes  s i n c e  s i n g l e  r e g r e s s i o n  was 
per formed In a l l  r e l e v a n t  l i t e r a t u r e .  The K v a l u e s  f o r  MNAP were
r e g r e s s e d  a g a i n s t  each o f  t h e  i n d i v i d u a l  v a r i a b l e s  1n t h e  d a t a  m a t r i x
o
{Table X and XI) .  The o n ly  s i g n i f i c a n t  r e g r e s s i o n  c o e f f i c i e n t  (R -
0 .69)  t h a t  was o b ta in e d  was between K MNAP and p e r c e n t a g e  o r g a n i c
carbon.  When Barksda le  and B l y t h e v i l l e  were  d e l e t e d  from th e  d a t a
m a t r ix ,  t h i s  r e g r e s s i o n  c o e f f i c i e n t  d e c r e a s e d  to  0 . 1 4 .  The d e l e t i o n  o f
2
B l y t h e v i l l e  and B a rksda le  a l s o  produced  an  R o f  0 .5 4  t o  be  observed
between K MNAP and s u r f a c e  a r e a .  S ing le  l i n e a r  r e g r e s s i o n  o f  ODCB Ks
2
a g a i n s t  each  s o rb e n t  p r o p e r t y  showed an R o f  0 . 5 8  with  s u r f a c e  a r e a
2
when B l y t h e v i l l e  and B a rk s d a le  d a t a  were e l i m i n a t e d .  No R v a l u e s  
>0.50 were  found when t h e  e n t i r e  d a t a  s e t  c o n t a i n i n g  a l l  a q u i f e r  
m a t e r i a l s  were r e g r e s s e d .
PCA was r e ru n  on t h e  d a t a  m a t r i x ,  w i th  ODCB K v a lu e s  r e p l a c i n g  MNAP 
K v a l u e s .  R e s u l t s  were q u i t e  s i m i l a r ,  r e q u i r i n g  t h e  same number o f  
v e c to r s  t o  e x p l a in  d a t a  v a r a t i o n s .  P e r c e n ta g e  o f  v a r i a t i o n  e x p l a i n e d  by 
each v e c t o r  was w i th in  IS o f  t h e  v a l u e  o b t a i n e d  from the  MNAP s o r p t i o n  
d a t a ,  w i th  the  f i r s t  f o u r  v e c t o r s  a c c o u n t in g  f o r  94% o f  t h e  v a r i a t i o n .
The c o r r e l a t i o n  m a t r ix  f o r  ODCB was the  same as f o r  MNAP e x c e p t  t h a t  K 
ODCB had a 0.83 c o r r e l a t i o n  t o  o r g a n i c  ca rbon  c o n t e n t  and 0 .5 4  
c o r r e l a t i o n  to p e r c e n ta g e  3 - l a y e r  c l a y .  When B l y t h e v i l l e  and B a rk s d a le  
d a t a  were removed and PCA r e r u n ,  r e s u l t s  were  comparable  t o  t h o s e  
o b ta in e d  f o r  K MNAP w i th o u t  B l y t h e v i l l e  and Barksda le  d a t a .
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In a l l  d t e d  c o r r e l a t i o n  s t u d i e s  o f  s u r f a c e  s o i l s  and sed im en ts
o
c o n t a i n i n g  0.1% o r  more o r g a n i c  c a r b o n ,  a l a r g e  R was found between 
the  K v a l u e  f o r  n o n p o l a r  compounds and t h e  o r g a n i c  ca rbon  c o n t e n t .  The 
c o r r e l a t i o n  was s u f f i c i e n t  to  p e rm i t  use o f  o r g a n i c  c o n t e n t  as  a 
p r e d i c t o r  o f  s o r p t i o n .
R e s u l t s  from t h i s  s t u d y  show t h a t  f o r  low carbon c o n t e n t  (<0,1%) 
a q u i f e r  m a t e r i a l s  s o r p t i o n  p r e d i c t i o n s  based  on s o r b e n t  ca rbon  c o n t e n t  
f a i l  t o  e x p l a i n  n o n p o la r  chem ica l  u p t a k e .  M in e ra l s  can sorb  amounts o f  
n o n p o la r  che m ic a l s  s i m i l a r  t o  t h e  amounts s o rb e d  on th e  a q u i f e r  m a t e r i a l s  
and must  c o n t r i b u t e  t o  a q u i f e r  m a t e r i a l  s o r p t i o n .  The s t a t i s t i c a l  
methods a p p l i e d  t o  t h e  d a t a  d i d  n o t  show a s im p le  r e l a t i o n  between 
s o r b a t e  u p t a k e  and s o r b e n t  p r o p e r t i e s .  A l though o r g a n i c  ca rbon  c o n t e n t  
d id  n o t  c o n t r o l  s o r p t i o n  on t h e  low c a rb o n  a q u i f e r  m a t e r i a l s ,  1t  1s a 
component  o f  t h e  o v e r a l l  s o r p t i o n  c o e f f i c i e n t .  There i s  no s i n g l e  
s u r f a c e  o r  m i n e r a l  p h a s e  t h a t  c o n t r o l s  s o r p t i o n  on the  a q u i f e r  m a t e r i a l .  
Measured K v a l u e s  on a q u i f e r  m a t e r i a l  a r e  a co m b in a t io n  o f  c o n t r i b u t i n g  
m i n e r a l  components and o r g a n i c  m a t t e r  which p ro b a b ly  do n o t  have s i m i l a r  
s o r p t i v e  p r o p e r t i e s  t o  s u r f a c e  o r g a n i c  m a t t e r .
The d i s t r i b u t i o n  o f  t h e  o r g a n i c  c a rb o n  on a q u i f e r  m a t e r i a l  p a r t i c l e s  
may a l s o  be a c r i t i c a l  f a c t o r  in s o r p t i o n  on a q u i f e r  m a t e r i a l s .  At t h e  
e x t r e m e l y  low c o n c e n t r a t i o n s  o f  TOC in  t h e s e  a q u i f e r  m a t e r i a l s ,  t h e  
o r g a n i c  c a rb o n  c o v e ra g e  may not  be co m p le te ,  a l lo w in g  m i n e r a l  s u r f a c e s  t o  
p a r t i c i p a t e  in s o r p t i o n .  There i s  no obv ious  way to  d i r e c t l y  o b s e rv e  t h e  
o r g a n i c  c a rb o n  d i s t r i b u t i o n .
The t r u e  amount o f  o r g a n i c  c a rb o n  p r e s e n t  on the  a q u i f e r  m a t e r i a l s  
1s a l s o  open t o  q u e s t i o n  because  measurements  a t  low l e v e l s  a r e  d i f f i c u l t  
( R e i j n d e r s  e t  a l . ,  1977) ,  and t h e  measured TOC is  a f u n c t i o n  o f  t h e
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a n a l y t i c a l  t e c h n iq u e  u s e d .  There 1s no g u a r a n t e e  t h a t  t h e  com bus t ion  
method used  h e r e  to  a n a l y z e  th e  bulk  TOC p r o p e r t y  was s e n s i t i v e  t o  t h e  
o r g a n ic  m a t t e r  component which a f f e c t s  s o r p t i o n .  The s o r p t i v e  p r o p e r t i e s  
o f  the  o r g a n i c  carbon cou ld  be a s s o c i a t e d  w i th  f u n c t i o n a l  g roups  and 
t h e i r  o r i e n t a t i o n  w i t h i n  t h e  p o ly m e r ic  humlc m a t e r i a l s .  In t h i s  c a s e ,
TOC measurements would r e l a t e  t o  s o r p t i o n ,  b u t  no t  be t h e  b e s t  
d e s c r i p t o r  because  o f  t h e  lack o f  a known r e l a t i o n  be tween  c a rb o n  c o n t e n t  
and f u n c t i o n a l  group c o m p o s i t io n  and o r i e n t a t i o n .
Many o f  t h e  s o rb e n t  c h a r a c t e r i z a t i o n s  used  h e r e  a r e  b u lk  p r o p e r t y  
measurements  n o t  n e c e s s a r i l y  d i r e c t e d  toward o r g a n i c  c h e m ica l  s o r p t i o n .  
The measurements Invo lve s e v e r a l  c o n v e n t i o n a l  d e f i n i t i o n s ,  and even 
though done c o r r e c t l y ,  canno t  a d e q u a t e l y  d e s c r i b e  th e  complex s o r p t i v e  
s u r f a c e  o f  a q u i f e r  m a t e r i a l s .  Some o f  t h e s e  p rob lem s  a r e  d e s c r i b e d  below 
f o r  t h e  p r o p e r t i e s  used  In t h i s  r e s e a r c h .
Even though the c l a y  m i n e r a l s  w i t h i n  the  a q u i f e r  m a t e r i a l s  were  
c h a r a c t e r i z e d  a s  to  2 - l a y e r  o r  3 - l a y e r  c l a y s ,  l a r g e  d i f f e r e n c e s  e x i s t  
w i t h i n  t h e  s m e c t i t e s  t h e m s e l v e s .  A l l  3 - l a y e r  c l a y s  do  n o t  s o r b  s i m i l a r l y  
a s  i n d i c a t e d  by  Ca+^,  A l+^ and Na+ r e s u l t s  r e p o r t e d  h e r e .  Ev idence  
p r e s e n te d  shows t h a t  s u b s t i t u t i n g  e x c h a n g e a b le  1ons can a f f e c t  s o r p t i v e  
p r o p e r t i e s  and thus  c o n s i d e r a b l e  s o r p t i v e  d i f f e r e n c e  may e x i s t  between 
t h e  v a r i o u s  members o f  t h i s  g ro u p .  S o r p t i o n  may a l s o  be a f u n c t i o n  o f  
isomorphic  s u b s t i t u t i o n .  Ana lyses  pe r fo rm e d  h e r e  do n o t  a c c o u n t  f o r  
th e s e  d i f f e r e n c e s .
N i t ro g e n  gas  was used  to  measure  t h e  s u r f a c e  a r e a  o f  t h e  d r y  a q u i f e r  
m a t e r i a l s .  Organic s o r b a t e s  would p r o b a b l y  n o t  be a b l e  t o  s o r b  on t h i s  
e n t i r e  s u r f a c e  due t o  m o l e c u la r  s i z e  d i f f e r e n c e s  be tw een  Ng and t h e  
o r g a n ic  s o r b a t e s .  Agglomerated c l a y  p a r t i c l e s  In aqueous  s u s p e n s i o n
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would a l s o  p r e s e n t  l e s s  s o r b i n g  a r e a  t h a n  t h a t  m easured  by gas  
a d s o r p t i o n .  The s o r b e n t  s u r f a c e  a r e a  a c t u a l l y  exposed  and a v a i l a b l e  to  
t h e  o r g a n i c  s o r b a t e  would be a f u n c t i o n  o f  t h e  sam pl ing  and g r i n d i n g  o f  
t h e  a q u i f e r  m a t e r i a l  samples  and o f  t h e i r  h y d r a t i o n .
The p a r t i c l e  s i z e  d i s t r i b u t i o n  d a t a  a l s o  c o n t a i n  many v a g a r i e s  t h a t  
may I n f l u e n c e  s o r p t i o n  c o r r e l a t i o n s  to  t h i s  p r o p e r t y .  Agglomera ted  c l a y  
p a r t i c l e s  would show up 1n l a r g e r  s i e v e  f r a c t i o n s  and c o u ld  be 
c h a r a c t e r i z e d  a s  s i l t  or  s a n d .  Clay and o x i d e  m i n e r a l  p a r t i c l e s  were 
shown to  a d h e re  t o  q u a r t z  p a r t i c l e s ,  t h e r e b y  m o d i fy in g  t h e  q u a r t z  
p a r t i c l e  a p p a r e n t  s u r f a c e  a r e a  and s o r p t i v e  p r o p e r t i e s ,  and a l t e r i n g  the  
p a r t i c l e  s i z e  d i s t r i b u t i o n .  P a r t i c l e  s i z e  d i s t r i b u t i o n  would a l s o  be a 
f u n c t i o n  o f  how t h e  sample was g ro u n d .  C o r r e l a t i o n s  be tween p a r t i c l e  
s i z e  d i s t r i b u t i o n  and K v a l u e s  would be compromised by any o f  t h e s e  
p a r t i c l e  s i z e  changes .
Even 1f  a l l  t h e  c h a r a c t e r I z a t l o n  methods used above  were " p e r f e c t " , 
t h e r e  would be no g u a r a n t e e  t h a t  t h i s  s e t  o f  measurements  encompassed th e  
n e c e s s a r y  d a t a  t o  d e s c r i b e  t h e  r e a c t i v e  s u r f a c e .  O ther  measurements  such 
as  s p e c t r o s c o p i c  t e c h n i q u e s  can p r o v id e  more d e t a i l e d  I n f o r m a t i o n  about  
t h e  r e a c t i v e  s u r f a c e ,  b u t  a r e  g e n e r a l l y  a p p l i c a b l e  o n l y  t o  c l e a n ,  d r y  
s u r f a c e s .  In a d d i t i o n  t o  t h e  i n a b i l i t y  t o  a d e q u a t e l y  know t h e  p h y s i c a l  
and chemica l  n a t u r e  of  t h e  h y d r a t e d  s o r b e n t  s u r f a c e ,  t h e  changes  caused  
by e x c e s s  w a te r  a r e  a l s o  l a r g e l y  unknown. When w a t e r  1s s o rbed  on th e  
s o r b e n t ,  1t n o t  o n l y  m o d i f i e s  t h e  s u r f a c e  c h e m i s t r y  o f  t h e  s o l i d  b u t  I t s  
own c o n f i g u r a t i o n  changes  from t h a t  In t h e  bu lk  l i q u i d  p h a s e .  S ince  the  
a dso rbed  w a te r  c o n f i g u r a t i o n  1s d i f f e r e n t  from bulk  p h a s e  w a t e r .  I t s  
s o l v e n t  p r o p e r t i e s  w i l l  be d i f f e r e n t  and c o n s e q u e n t l y  may a f f e c t  
s o r p t i o n .  C o n s i d e r a b l e  s p e c t r o s c o p i c  e v i d e n c e  1s a v a i l a b l e  t o  s u p p o r t
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t h e  e x i s t e n c e  o f  s t r u c t u r e d  w a te r  on c l a y s  ( S p o s l to ,  19B4}, but  the 
e f f e c t  o f  w a te r  on s o r p t i o n  o f  n o n p o la r  o rgan lc s  I s  unknown.
I f  new t h e :  r y  and a n a l y t i c a l  t e c h n iq u e s  a r e  developed to  b e t t e r  
d e s c r i b e  t h e  s o r p t i v e  s u r f a c e ,  Improved p r e d i c t i v e  c o r r e l a t i o n s  between 
s o r p t i o n  and s u r f a c e  p r o p e r t i e s  might  be p o s s i b l e .  With the  su r f a c e  
c h a r a c t e r i z a t i o n  t e c h n iq u e s  a v a i l a b l e ,  I t  was not  p o s s ib le  to  p r e d i c t  
s o r p t i o n  on t h e  f l u v i a l  and g l a c i a l  t i l !  a q u i f e r  su r fa c e s  s tu d ie d  here in 
t e rm s  o f  t h e  p r o p e r t i e s  measured .  A l a r g e r  sampling of  a q u i f e r  m a t e r i a l s  
I n c lu d i n g  m a t e r i a l s  from f r a c t u r e d  c a r b o n a te ,  metamorphlc and igneous 
r o c k s  would be n e c e s s a r y  to  In s u re  t h a t  the r e s u l t s  found he re  a re  
g e n e r a l  f o r  a l l  type s  o f  a q u i f e r  m a t e r i a l .  Since q u a n t i t a t i v e  p r e d i c t o r s  
b a s e d  on a v a i l a b l e  s o rb e n t  p r o p e r t i e s  were not  found,  exper imen tal  K 
v a l u e s  must  be measured on each  a q u i f e r  m a te r i a l  occur r ing  1n a 
g ro u n d w a te r  c o n t a m in a t io n  s i t u a t i o n .  Experimenta l  K value s p a t i a l  
d i s t r i b u t i o n  must  then be used  1n a l l  groundwater  contaminant  t r a n s p o r t  
models  based  on l i n e a r  s o r p t i o n  Iso therm p rocesses  a t  local  e q u i l i b r i u m .  
However, r e s u l t s  a l s o  showed t h a t  f o r  the  s o r b a t e s  s tud ied  here  
s o r p t i o n  t r e n d s  fo l lowed  g e n e r a l  hydrophobic s o r p t i o n  theory with  the  
l e s s  p o l a r  s o r b a t e s  be ing  b e t t e r  s o r b e d .  I f  t h i s  obse rva t ion  1s 
g e n e r a l l y  t r u e ,  r e l a t i v e  co n ta m in a n t  t r a n s p o r t  can be p r e d ic te d  based on 
c h em ica l  p o l a r i t y .
This s tu d y  shows t h a t  n o n p o la r  chemica l  s o r p t i o n  cannot now be 
a d e q u a t e l y  c o r r e l a t e d  to t h e  p r o p e r t i e s  of  a q u i f e r  m a t e r i a l s .  Unt i l  
b e t t e r ,  r e l i a b l e  s u r f a c e  c h a r a c t e r i z a t i o n  te c h n iq u e s  become a v a i l a b l e ,  
u n i v e r s a l l y  a p p l i e d ,  and c o s t  e f f e c t i v e ,  1t Is n ece ss a ry  to measure 
a c t u a l  s o r p t i o n  c o e f f i c i e n t s  on a q u i f e r  m a t e r i a l s .
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Thoughts For F u tu re  Research
1. A wider  sampl ing  of  a q u i f e r  m a t e r i a l s  shou ld  be conducted  to  
de te rm ine  s o r p t i o n  p r o p e r t i e s  and chemica l  and phys ica l  c h a r a c t e r i s t i c s  
and t h e i r  s p a t i a l  v a r i a b i l i t i e s .  Th is  shou ld  be done In c o n j u n c t io n  w i th  
f i e l d  r e s e a r c h  a t  s e v e ra l  s i t e s ,
2 ,  Higher m o le c u la r  weight and more po la r  s o r b a t e s  should be s tu d ie d  t o  
d e s c r i b e  t h e i r  s o r p t i v e  b e h a v io r  on a q u i f e r  m a t e r i a l s .  A s o r b a t e  t h a t  
e x h i b i t s  n o n - l i n e a r  s o r p t i o n  should a l so  be s t u d i e d  to de te rm ine  i t s  
s o r p t i o n  c h a r a c t e r i s t i c s  on a q u i f e r  m a t e r i a l s ,
3. A qu ife r  o rg an ic  carbon m a t e r i a l s  should be ch em ica l ly  c h a r a c t e r i z e d  
to  d e t e rm in e  s i m i l a r i t y  to  s u r f a c e  o rg an ic  carbon m a t e r i a l s .
4, The A1(C1J^-water-montmor11 I o n i t e  system should be s t u d i e d  1n 
d e t a i l  to p rov ide  a b a s i s  f o r  s o r p t i o n  I n t e r p r e t a t i o n s .  A knowledge o f  
t h i s  system c h e m is t ry  would a l s o  be b e n e f i c i a l  1n a s s e s s i n g  the e f f e c t s  
o f  a c i d  r a i n  and u n d e r s t a n d i n g  s o i l  chemica l  r e a c t i o n s .
Appendix I .  Core Data
C arsw el l  AFB, F t .  Worth,  TX
C a p i l l a r y  f r i n g e  was en c o u n te r e d  a t  58 In .  Six zones  w i t h i n  the  
s a t u r a t e d  zone were a p p a r e n t  and sampled.
Zone 1 1 . 3 -  1.7  m F ine  sad d le -b ro w n ,  un ifo rm c l a y e y  sand
Zone 2 1 .7 -  2.B m Orange sand w i th  c l a y  and b l a c k  s t a i n s
Zone 3 2 . 8 -  3 .2  m Orange un ifo rm sand
Zone 4 3 . 2 -  4 ,1  m Saddle -brown un i fo rm  sand
Zone 5 4 . 1 -  4 . 4  m Buff-brown un i fo rm  c o a r s e  sand
Zone 6 4 . 4 -  6 . 4  m U g h t - y e l l o w  c o a r s e  sand
B a r k s d a l e  AFB, LA
C a p i l l a r y  f r i n g e  was e n c o u n t e r e d  a t  156 i n .  Samples from f i v e  
a p p a r e n t  s a t u r a t e d  zones  were sampled.
Zone 1 4 .3  -  4 .5 m Sandy s i l t  w i th  r e d d i s h  brown c l a y
Zone 2 4 .5  -  6 .7 m Very f i n e  s a t u r a t e d  s 11t
Zone 3 12.5 -  12.9 m Buff-brown c o a r s e  sand
Zone 4 12.9 -  13.2 m Gray sand w i th  c l a y
Zone 5 13.2 - 13.9 m Buff-brown c o a r s e  sand
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B l y t h e v i l l e  AFB, AR
P erched  w a te r  t a b l e  was found a t  253 In.  One s u r f a c e  zone and  t h r e e  
zones  w i t h i n  t h e  s a t u r a t e d  zone were r e c o g n i z a b l e .
Zone 1 0 .1  -  0 . 4  m Near s u r f a c e  s i l t y  loam (no t  I n c lu d e d )
Zone 2 8 . 8  -  9 . 1  m Confined sand l e n s  above main f o r m a t io n
Zone 3 9 .1  -  10 .0  m B lu e -g ra y  c o a r s e  sand
C o a s t  Guard S t a t i o n *  T r a v e r s e  Ci ty  MI
H o l s t  sand was e n c o u n te r e d  a t  22  1n. S a t u r a t e d  sand  was sampled 
f rom two lower dep ths  c a l l e d  zone 1 and 2.
Zone 1 3 .4  -  4 . 1  m Coarse sand
Zone 2  4 .1  -  5 . 5  in Coarser  sand
T i n k e r  AFB OK
S a t u r a t e d  m a t e r i a l  was encounte red  a t  192 1n.  Near s u r f a c e  g e o l o g ic  
s t r a t a  c a u s e d  d r i l l i n g  problems and f r u s t r a t e d  zone d e s c r i p t i o n s .
Zone T3A 4 .9 m Thin s a t u r a t e d  l a y e r
Zone T2A 5.5 m S a t u r a t e d  zone m a t e r i a l
Zone T2B 7.2 - 8 . 0  m Fluid m a t e r i a l  above  s a n d s to n e
Zone T3B 8 .0 - 8.6  m Semi c o n s o l i d a t e d  s a n d s to n e  c o re
Zone TIB 8.7 m Deep s a t u r a t e d  zone m a t e r i a l
Appendix I I .  Aquifer Material  P etrograp hlc  D e s c r i p t i o n s
Carswel1
The sample  1s y e l l o w i s h - g r e y  (5 V 7 /2)  and c h a r a c t e r i z e d  by sub ro u n d ed  t o  
ro u n d ed  q u a r t z  g r a i n s *  and c l a y ,  a c c e s s o r y  f e l d s p a r ,  and  opaque  
m i n e r a l s .  H a l f  o f  t h e  q u a r t z  g r a i n s  a r e  p a r t i a l l y  { < 1 / 3 )  c o a t e d  w i th  
I r o n  o x i d e s .  There  a r e  p a r t i c l e s  o f  da rk  g r e e n  c l a y ,  p r o b a b l y  c h l o r i t e ,  
a d h e r i n g  t o  t h e  s u r f a c e  o f  a p p r o x I m a te l y  one q u a r t e r  o f  t h e  sand  g r a i n s .  
The a v e r a g e  m i n e r a l  c o m p o s i t io n  o f  t h e  sample I s :
M i n e r a l :  Q u a r tz  Clay  F e l d s p a r  Opaque M i s c e l l a n e o u s
P e r c e n t a g e :  8 5 -90  5-7 3-5 1-2 <1
N o te s :  M i s c e l l a n e o u s  m i n e r a l s  I n c l u d e  t o u r m a l i n e ,  f r a g m e n t s  o f
c h e r t *  and g a r n e t .  Opaque m i n e r a l s  a r e  nonm agne t ic  a n d  a r e  e i t h e r  
h e m a t i t e  o r  s p i n e l .
B a r k s d a l e
Th i s  sample  c o n s i s t s  o f  g r a y i s h - o r a n g e  (10 VR 7 /4)  sub ro u n d ed  t o  
s u b a n g u l a r  q u a r t z  w i th  a c c e s s o r y  f e l d s p a r ,  c a l d t e ,  r o c k  f r a g m e n t s ,  and 
w e l l - r o u n d e d  opaque  m i n e r a l s .  There  i s  an I ro n  o x id e  c o a t i n g  o v e r  1 /4  o f  
t h e  s u r f a c e  a r e a  o f  a b o u t  h a l f  o f  the  q u a r t z  g r a i n s .  The a p p r o x im a te  
o v e r a l l  m in e ra l  c o m p o s i t i o n  o f  t h e  sample i s :
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M in e ra l :  Quartz  Clay F e l d s p a r  C a l c l t e  M i s c e l l a n e o u s .
P e r c e n t a g e :  88-90  6 -8  1-2 0 .5 -1  <1
N otes :  M is c e l l a n e o u s  m i n e r a l s  I n c lu d e  nonmagnetic  opaque m i n e r a l s  and
rock f r a g m e n t s .
B l y t h e v l l l e
This  sample 1s l i g h t  o l i v e - g r a y  (5 Y 6 / 1 )  c o n s i s t i n g  o f  q u a r t z *  c l a y  and 
f e l d s p a r  w i th  a c c e s s o r y  h e m a t i t e *  c a l c l t e ,  am ph lbo le ,  rock  f r a g m e n t s ,  
a p a t i t e *  z i r c o n  and opaque m i n e r a l s .  The q u a r t z  and f e l d s p a r  g r a i n s  a r e  
l i g h t l y  c o a t e d  ( 0 / 4 )  w i t h  I ro n  o x i d e s  and c l a y s .  The c a l c l t e  i s  s t a i n e d  
w i th  I ron  o x i d e .  The d e g r e e  o f  r o und ing  v a r i e s  a c c o rd in g  to  m i n e r a l  
t y p e .  The q u a r t z  g r a i n s ,  rock  f r a g m e n t s ,  and opaque m i n e r a l s  subrounded  
w i th  t h e  f e l d s p a r  and am phlbo le  g r a i n s  a r e  a n g u l a r  to  s u b a n g u l a r ,  The 
a v e ra g e  m in e ra l  co m p o s i t io n  o f  t h e  sample 1s :
M in e ra l :  Q uar tz  C la y  F e l d s p a r  FeOx C a l c l t e  Misc .
P e r c e n t a g e :  83-90  5-7 3-5  1-3 0 . 5 - 1  <1
Notes :  M is c e l l a n e o u s  m i n e r a l s  I n c lu d e  am p h lb o le ,  m a g n e t i t e ,  n o n -m ag n e t ic
opaque m i n e r a l s ,  a p a t i t e ,  and z i r c o n .
T ra v e r s e  C i t y
This  sample I s  a p a l e  y e l lo w i s h - b ro w n  (10 Yft 6 / 2 )  subrounded  t o  
s u b a n g u la r  q u a r t z  w i th  a c c e s s o r y  d o l o m i t e ,  m a g n e t i t e ,  c l a y ,  g a r n e t ,  
amphlbole  and t o u r m a l i n e .  There 1s an I r r e g u l a r  c o a t i n g  o f  I ro n  o x id e  
and c l a y  c o v e r i n g  <1/3 o f  t h e  s u r f a c e  a r e a  o f  t h e  q u a r t z  g r a i n s .
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The c a l c l t e  sand Is  a c t u a l l y  composed o f  f ragments  o f  ve ry  f i n e  g r a i n e d  
( m i c r l t i c )  l im es tone .  There i s  r e l a t i v e l y  more m a g n e t i t e  1n t h e  c o a r s e r  
f r a c t i o n  o f  the  sample th a n  t h e  f i n e r .  The ave rage  m in e ra l  c o m p o s i t io n  
1s a s  f o l l o w s :
M in e ra l :  Quartz D olomite  M ag n e t i t e  Clay M i s c e l l a n e o u s
P e r c e n t a g e :  >95 2 -3  1-2 <1 <1
Notes: M isce l laneous  m i n e r a l s  i n c l u d e  to u rm a l in e  (a c h e m i c a l l y  complex
a l u m l n o s l l l c a t e *  th e  v a r i e t y  In t h i s  sample Is  p ro b a b ly  d r a v l t e ) ,  g a rn e t *  
am phlbo le ,  a p a t i t e *  z i r c o n  and u n i d e n t i f i e d  opaque m i n e r a l s .
Tinker
The T i n k e r  sample c o n s i s t s  o f  l i g h t  brown (5 VR 5 /6J  subrounded  q u a r t z  
sand w i t h  k a o l i n l t e  and a c c e s s o r y  f e l d s p a r *  c a l c l t e ,  h e a m a t l t e ,  l l H t e *  
zi rcon* mica* c h l o r i t e  and p y r o x e n e .  The q u a r t z  g r a i n s  a r e  v a r i a b l y  
coated  w i th  Iron o x id e ;  25* o f  t h e  g r a i n s  a r e  g r e a t e r  t h a n  2 /3  c o a t e d  
with I ro n  ox ide ,  50% have 1/3  t o  2 / 3  o f  t h e i r  s u r f a c e  a r e a s  c o a t e d  with  
Iron o x id e s *  and the  r e m a in d e r  have  no i ro n  o x ide  c o a t i n g .  The r e l a t i v e  
amounts o f  f e l d s p a r  and c a l c l t e  a r e  g r e a t e r  In t h e  f i n e r  (+400 mesh) th a n  
the  c o a r s e r  f r a c t i o n  (+200 mesh) o f  t h e  sample.  The o v e r a l l  m i n e r a l  
c o m p o s i t io n  o f  t h e  sample 1s t a b u l a t e d  below.
M in e ra l :  Quartz K a o l i n l t e  F e l d s p a r  C a l c l t e  1111t e  M1sc.
P e r c e n t a g e :  80-65 8-10  2-4 0 .5 -1  0 .5 -1  1-4
Notes:  M isce l lan eo u s  I n c lu d e s  h e m a t i t e ,  c h l o r i t e ,  z i r c o n ,  p y roxene  and
u n i d e n t i f i e d  heavy m i n e r a l s .
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Borden
The sample Is composed o f  q u a r t z  and f e l d s p a r  ( a r k o s l c )  sand w i t h  
s i g n i f i c a n t  amounts of  c a l c l t e  and h o rn b len d e  ( a m p h lb o le ) .  The sand and 
s 1 I t  s i z e d  p a r t i c l e s  In t h e  sample a r e  w e l l  rounded t o  sub rounded .  Some 
o f  the  g r a i n s  a r e  f r o s t e d  I n d i c a t i n g  t r a n s p o r t  by wind a t  some t im e  In 
t h e  p a s t .  The g r a i n s  a r e  d e a n ,  on ly  a few have p a r t i a l  c o a t i n g  o f  i ron  
ox ide  or  c l a y .  The c a l c l t e  in t h e  sample 1s m os t ly  w e l l  rounded 
s a n d - s i z e d  g r a i n s  of  v e ry  f i n e  g r a i n e d  l im e s to n e  however ,  t h e r e  a r e  
s i g n i f i c a n t  q u a n t i t i e s  o f  s i n g l e  c r y s t a l  c a l c l t e  g r a i n s  in t h e  s i l t  s i z e d  
f r a c t i o n  o f  t h e  sample.  The amphlbole 1s sub an g u la r  t o  a n g u l a r  w i th  v e ry  
poor s p h e r i c i t y .  Other a c c e s s o r y  m i n e r a l s  In the  sample I n c l u d e  
m a g n e t i t e ,  pyroxene and g a r n e t .  The r e l a t i v e  p r o p o r t i o n s  of  t h e  m i n e r a l s  
In t h i s  sample a r e :
M ine ra l :  Q uar tz  F e l d s p a r  C a l c l t e  Amphlbole M a g n e t i t e  M1sc,
P e rc e n ta g e :  70-75 10-15 5-10  5-10  1-3 <2
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